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ABSTRACT

WIND LOADS ON SOLAR PANEL SYSTEMS

ATTACHED TO BUILDING ROOFS

ELENI XYPNITOU

Solar panel systems placed either on building roofs or in the fields have become popular
worldwide during the last decades since their contribution to environmental friendly
energy production is remarkable. Their exposure to wind loads results toindoded
loading whichcannotbe predicted efficiently because design standards and codes provide
very little information. The main objective of this study is to determine and assess h
different combination of parameters can affect the wind flow and thus the pressure
distribution on the surface of the panels. For this purpose, wind tunnel tests were

performed in the Building Aerodynamics laboratory of Concordia University.

Literature review was conducted demonstrating experimental results from previous
studies for standlone panels and those attached to building roofs. A 1:200 scale model
was fabricated consisting afbuilding and panels attached to the roof. The model was
tested inthe wind tunnel for different configurations, such as two different building
heights and the case withdbe building, two panel locations and 4 panel inclinations for

13 angles of wind attack.



The acquired data was transformed into mean and peak foce¢,and areaveraged
pressure coefficients. Different configurations result in different pressure distribution
indicaing those parameters contributing to the most critical cases. The results of the
study will be made available to the wind code anddsieds committees for possible

utilization.



ACKNOWLEDGMENTS

| would like to express my appreciation to all the individuals who contributed to the

completion of this thesis.

| would like to thank my supervisor Dr. Theodore Stathopoulos for his helpfdégce
and advice for this research work. | am also grateful for the assistance given by lab
members and especially loannis Zisis for reviewing this w8pecial thanks to 3ef

Hrib, laboratory technician, who provided me with a state of the art testdgim

| would also like to thank my parents Angeliki Lamprou and Michail Xypnitos for their

continuous love, support and encouragement, as well as, all my friends.

Finally, I would like to thank Andriano&rgyropoulosfor his unconditional help, support

ard encouragement.



Vi

TABLE OF CONTENTS

LIST OF FIGURES ...ttt eeee et e e e eeee e X
LIST OF TABLES ...t e e et e e e e e annme e XVii
LIST OF SYMBOLS ...t e e e e e e e XVili
CHAPTER 1:  INTRODUCTION ...ooiiiiiiiiiiiii et ememe e 1
1.1 OVERVIEW. ... e e e mmneans 1
1.2 THESISOBIECTIVES.... .o e 2
1.3 THESIS STRUCTURE. ..ottt 3
CHAPTER 2:  WIND ENGINEERING BASICS ... 4
2.1 GENERAL ...t er e e ane e e ee e 4
2.2 WIND ENGINEERING CONCEPTS.......oiiiiiieeeeeeei e 4
2.2.1 The atmospheric boundary layer..........ccccooiiiiiiiccc e 4
2.2.2 Boundary layer thickness...........ccccoiiiiiiiiiiee e 5
2.2.3 Types of boundary [ayer...........ooooiiiiiiiiieee e 6
2.2.4  TUrbulent Wind............oooiiiiii e 8
2.2.5 Mechanisms generating turbulent wind................coooooiieeeeiiiiini e, 9
2.2.6  WINA Profile........i i 9

2.3 TURBULENT WIND CHARACTERISTICS......coi it 11
2.3.1  TUurbulenCe INENSILY........ceviiiiiiiiiiiee e 12

2.4  WIND EFFECTS ON STRUCTURES.........oitiiiiiiimmeee e 12



Vii

2.4.1  WiNd presSSur@N SITUCTUMES. ........uuuuriiiiiiieieeeeieeereieeeeee e e e e e e e e e e e e e s e 12
2.4.2  Atmospheric boundary layer wind tunnels.............coooiiiiii e 15
CHAPTER 3: LITERATURE REVIEW ... 16
3.1 INTRODUCTION. ..ottt eeeee e ere e e e e e e e ennaas 16
3.2 WIND EFFECTS ON SOLAR PANELS........ccoo e 17
3.2.1 Solar panels attached to flat ro0fS............cceeeeiiiiiieeeiii e, 18
3.2.2 Solar panels mounted on pitched raofs.............oooeiciiieee e 21

3.2.3 Solar panels and rooftop equipment near roof edges and corners...26

3.2.4 Sloped solar panels at the ground level..............cccoooiiiceeviiiiiiicennn. 29
CHAPTER 4:  WIND TUNNEL STUDY ... 37
4.1 GENERAL ..o et 37
4.2  WIND TUNNEL FACILITIES. ... 37
4.3 ATMOSPHERIC BOUNDARY LAYER.......oiiiiiii e 39
4.4 BUILDING AND SOLAR PANEL MODEL..........ciiiiiiiiiiieeeiieeeeeeee e 40
45 EQUIPMENT ..t e e e e e e 46
4.6 WIND TUNNEL TESTS... e a7
4.7  DATA ANALYSIS oo e e e 48
4.8 REPEATABILITY OF DATA .t 51
CHAPTER 5: RESULTS AND DISCUSSION......ccciiiiiiiiiiieeii e 52

5.1 GENERAL....co e 52



viii

5.2 EFFECT OF PANEL INCLINATION ON MEASURED PRESSURE

COEFRFICIENTS .. rrre e e e e e rnee e e e o7

53 EFFECT OF BUILDING HEIGHT ON MEASURED PRESSURE

COEFRFICIENTS . e erre e e e e e e e rnee e e e 72

5.4 EFFECT OF PANEL LOCATION AND WIND DIRECTION ON NET PEAK

PRESSURE COEFFICIENTS......ooiiiii e ’7

55 EFFECT @ WIND DIRECTION ON MEASURED PRESSURE

COEFFICIENTS FOR SELECTED PRESSURE TAPS........coooiiiiiee, 80
5.6 CRITICAL VALUES OF NET PRESSURE COEFFICIENTS.................. 85
5.7 EFFECT OF PANEL INCLINATION ON FORCE COEFFICIENTS........ 87
5.8 EFFECT OF BUILDING HEIGHT ON FORCE COEFFICIENTS............. 92
5.9 EFFECT OF WIND DIREETION ON FORCE COEFFICIENTS................ 96

5.10 COMPARISON BETWEEN LOCAL PRESSURE COEFFICIENTS AND

FORCE COEFFICIENTS.....ooiiii e 101

5.11 AREA-AVERAGED PRES®RE COEFFICIENTS FOR 135 WIND

DIRECTION ..ottt eeee et re et s e 103
5.12 COMPARISON WITH PREVIOUS STUDIES...........cooiiiiiiieeeeeceeenn 105
CHAPTER 6:  SUMMARY AND CONCLUSIONS .......cooiiiiiiiiiiiiisimmeeeeeeeee 111
6.1  SUMMARY L. 111
6.2 CONCLUSIONS ... ..ottt e e 111

6.3 RECOMMENDATIONS FOR FURTHER STUDY..........ccvviiiiiiiiiieciees 113



REFERENCES ..o et 115
BIBLIOGRAPHY e enen s 119
APPENDIX A 120
APPENDIX B oo 133



LIST OF FIGURES
Figure 1.1.1 Damaged solar collectors (after Chung et al, 2008)...............cuuueee... 2
Figure 2.2.1 Dimensional (a) and dimensionless (b) wind velocity profiles (after
Houghton and Carruthers, 197.6).....cccoovviieiiiiiiiiieeeee et eeme e 6

Figure 2.2.2 Normalized laminar and turbulentfieo(after Houghton and Carruthers,

Figure 3.2.2 Net uplift pressure coefficients for solar panels attached to flat raaf20
Figure 3.2.3 Crossection and plan view of building model............cccccccoviiieeennnnen. 21
Figure 3.2.4 Net Uplift Pressure Coefficients for solar panels on buildings wille@ee
hipped roof (after Sparks et al. 1981).........oooiiiiiiiiiiee e 24
Figure 3.2.5 Net uplift pressure coeiéints for solar panels on buildings with-d2gree
hipped roof for T=0.1 sec (after Geurts and Steenbergen 2009)..............c....eeeeeee 24
Figure 3.2.6 Minimum uplift pressure coefficients for solar panels locatée aenter of
30- and 45degree pitched roofs (after Stenabaugh et al. 2010)..............ovvvvnueee... 25

Figure 3.2.7 Force Coefficients for solar panels located near roof edges (corner position)

Figure 3.2.8 Solar water heater (after Chung et al, 2008)...........cccoeviiieennnnnnnnnn. 31

Figure 3.2.9 Net uplift pressure coefficient for solar panels inclined by 30 and 35 degrees
ande on the ground [EVEL..............eueiiiiiiiiieeeiiieeee e 35

Figure 4.2.1 The Boundary Layer Wind Tunnel of Concordia University after

StathoPOUIOS (L1984)......oeeeeeeeiiie e e e e errnr s e e e e e e e e e e e e e e e eaneeneeeeas 38



Xi

Figure 4.22 Front View of the Boundary Layer Wind Tunnel with the building model in

1015 10 o H PP P TP PP PPPPPPPPPPP 38
Figure 4.3.1 Wind VeloCity Profile..........cccuuuuiiiiiiiieeeiiiiiiiieee e 40
Figure 4.32 Turbulence intensity profile............ooooriiiiicce e 40
Figure 4.4.1 Elevation of building models with inclined solar panels attached.....41
Figure 4.4.2 Presse tap distribution on the solar panel surface..............cccc..coee... 43

Figure 4.4.3 Top view of the building roof with solar panels attached and pressure tap
10} 7= [ TSRS PPPUPRRRRR 43
Figure 4.4.4 Detail ed..vi.ew..0f..t.he..séd4 ar
Figure 4.4.5 View of the pressure tap tubing.............eeeeiiiiiieeciiiiiiiiiiieeeeee e 44

Figure 4.4.6 Vew of building model with panels placed on the turntable af %8&d

(0 1= ox 1 o o USSP PRRPROPRRN 45

Figure 4.5.1Sketch of the experimental wind tunnel equipment (after Zisis 2006)47

Figure 4.7.1 Pressure signal over a period for pressure tap # 1 foar inclination, 7

m building height, front I0CAtION. ............eiiiiiiii e 50

Figure 4.8.1 Repeatability afata for mean and peak net pressure coefficients for panel

(pressure tap #1) attached to 16bmilding height, 20 panel inclination, front location

and G Wind dir€CHON..........ccviiuieiieeie ettt 51
Figure 5.1.1 Top anside building views with front panel configuration................. 53
Figure 5.1.2 Top and side building views with back panel configuration.............. 54

Figure5.2.1Mean G values on upper surface for 7 m building height, front location and

135 WINA IFECHION .....eeeeeeeeeeeee ettt e e e e e e e em et e e e e e e e e e e e e e e e e s raaanaeaaaas 58



Xii

Figure 5.2.2 Mean Qvalues on lower surface for 7 m building height, front location and
135° WINA dIFECHON.......ecvieiiieiiite et ceee ettt emt et sre e be s emnnse e s 59
Figure 5.2.3 Net mean,Qalues for 7 m building height, front location and 188nd
(011 22Tt 1o ] o PP P PPPPPPPPRPPP 60

Figure 5.2.4Minimum G, values on upper surface for 7 m building height, front location

Figure 5.2.6 Minimum net Gralues for 7 m building height, front location............. 64

Figure 5.2.7 Maximum gvalues on upper surface for 7 m building height, fronation

Figure 5.2.10 Peak pressure coefficients on (a) upper and (b) lower surface’fmiriB5

(0 1= ox 1 o o 1SR RUOPRR 71

Figure 5.2.11 Net peak pressure coefficients fof ¥86d direction................c.......... 72

Figure 5.3.1 (a) upper, (b) lower surface peak pressure coefficients and (c) net peak
pressure coefficients fdront location and 135wind direction..............ccccceveeevveemnne.. 74

Figure 5.3.2 (a) upper, (b) lower surface peak pressure coefficients and (c) net peak
pressure coefficients for back location and°M8Bd direction..............cc.cceveevveeeene.. 75

Figure 5.4.1 Net peak pressure coefficients for ground level panels with respect to wind

[0 |1 =To1 (o] o FEUUT TR RPRPRPR 78



Xiii
Figure 5.4.2 Net peak pressuweefficients for panels attached on (a) 7 m and (b) 16 m
high building for front and back location...............ooooii e 79
Figure 5.5.1 (a) Mean, (b) Minimum and (c) Maximumv@lues for pressure tap #1 on
UPPET PAEI SUIMACE. ......eiiiiiiiiiieee e 81
Figure 5.5.2 (a) Mean, (b) Minimum and (c) Maximumv@lues for pressure tap #2 at
[OWET PANEI SUIMACE. .....ceiiiiiiiiieee e 83

Figure 5.5.Net (a) Mean, (b) Minimum and (c) Maximumny Galues for pressure taps #

Figure 5.6.1 Critical net minimumg@or standalone panels and 3panel inclination 85
Figure 5.6.2 Critical net minimumgGor panels attached to 7 m high buildingy @nel
inclination and froNt IOCALION. ............uviiiiiiiiii e 86
Figure 5.6.3 Critical net minimumg@or panels attached to 16 m high building; fanel
inclination and froNt IOCALION............cuiiiiiiiiii e 86
Figure 5.6.4 Critical net minimumgGor panels attached to 7 m high building; d@nel
inclination and BCK I0CALION............iiiiiiiiii e 86
Figure 5.6.5 Critical net minimumg@or panels attached to 16 m high building; fanel
inclination and back [0CALIAN.............oviiiiiiiii e 87
Figure 5.7.2 Net minimum force coefficients for 236ind direction applied on panels
attached to (a) 7 m and (b) 16 m high building for front and back locatian........... 89
Figure 5.7.3 Net maximunofce coefficients for 135wind direction applied on panels
attached to (a) 7 m and (b) 16 m high building for front and back locatian........... 91
Figure 5.8.1 Net (a) minimum and (b) maximum force coieffits for 135 wind

direction, applied on 3 panels for front location..............cccoovvviieeeei e 93



Xiv
Figure 5.8.2 Net (a) minimum and (b) maximum force coefficients for° 1@hd

direction, applied on 3 panels for backdfon...........ccccceeeeiiiiiiiicee 95

Figure 5.9.1 Net peak force coefficients for statamhe (a) panel 1, (b) panel 2 and (c)

Figure 5.9.2 Net peak foe coefficients for (a) panel 1, (b) panel 2 and (c) panel 3 when
attached to 7 m high building, front and back locatian..............cccovveeeeiiiiinnnnnnind 99
Figure 5.9.3 Net peak force coefficients for (a) panel 1, (b) paartiZc) panel 3 when
attached to 16 m high building, front and back location..............cccccovveeeverennnns 100
Figure 5.10.1 Comparison of loca} @d panel €for (a) 20, (b) 30, (c) 40 and (d) 48
panel inclination foi7 m high building and front location.................ccccccciieeeen s 102
Figure 5.11.1 Net peak areaeraged pressure coefficients for panels (a) stdortk, (b)
attached to 7 m high building and (c) attached to 16 m buildimgidering 13%wind

[0 1= o3 1 o o PSPPSR 104
Figure 5.12.1 Net mean force coefficients for panels inclined Byad® 20, located at
0] g1 oT0] 1 0= SO PP PP P PP PP PPPPRRTPPPPR 106
Figure 5.12.2 Net peak force coefficients for panels inclined Byaa8 26, located at
0] g1 oT0] 1 0= SO PP PP P PP PP PPPPRRTPPPPR 106
Figure 5.12.3 Net mean and peak pressure coefficients for panels centraliyl landt
30 PANEl INCINALION. ......ccviiiiiiecie ettt eneaeas 107
Figure 5.12.4 Net mean force coefficients for panels inclined Byag@ 45, located at
DACK COMEL....eiie e 108
Figure 5.12.5 Maximum force coefficients for panels inclined byatsl 20, located at

central DACK POSITION. ...ttt e e e mmne s 109



XV

Figure A 1 Minimum G values for the upper panels surface, attached to 7gm hi
building and back located.............ooooiiiiiiiiicce e 121
Figure A 2 Maximum G values for the lower panels surface, attached to 7 m high
building and back located.............oooooiiiiiiice e 122

Figure A 3 Net minimum gvalues for panels attached to 7 m high building, back located

Figure A 4 Minimum G values for the upper panels surface, attached to 16 m high
building andfront l0CAtEA...........coooiiiiiii e 124
Figure A 5 Maximum @ values for the lower panels surface, attached to 16 m high
building and front located............oooo i 125

Figure A 6 Net minimum ¢ values for panels attached to 16 m high buildings, front

Figure A 7 Minimum G values for the upper panels surface, attached to 16 m high
building and back 10CaY............coooiiiiiii e 127
Figure A 8 Maximum @ values for the lower panels surface, attached to 16 m high
building and back located.............ooooiii i 128

Figure A 9 Net rmimum G, values for panels attached to 16 m high building, back

Figure A 10 Minimum G values for the upper panels surface at the ground.levell30
Figure A 11 Maximum gvalues for the lower panels surface at the ground levell31
Figure A 12 Net minimum gvalues for panels at the ground level..................... 132
Figure B 1 Net minimum gvalues for panels attached to 7 m high building and front

[0]07= 1 (=1o FRUURTR TR TP ORI TR 134



XVi

Figure B 2 Net minimum Evalues for panels attached 16 m high building and front
o702 11T o F PP PPPPPPPPPPPPPR 135
Figure B 3 Net minimum gvalues for panels attached to 7 m high building and back
o702 11T o F PP P PPPUPPPPPPPPPP 136

Figure B 4 Net minimum Evalues for panels attached to 16 m high building and back



XVii
LIST OF TABLES
Table 2.2.1 Terrain roughness, povar exponent and boundary layer thickness values
corresponding to different exposure categories (after Liu 1991)..............ccevveeenn. 11

Table 3.2.1 Standlone solar panels inclined by a 10 to 25 degrees angle............ 34

Table 5.1.1 Pressure taps experiencing extreme net pressure coefficients......... 56



C«

Cr

CF,max

CF,mean

CF,min

Cp

Cp,areaaveraged

Cp, Is

Cp,max

Cp,mean

Cp,min

Cp,net

LIST OF SYMBOLS

area (m?)
area (m?)
force coefficient

maximumforce coefficient

mean force coefficient

minimum force coefficient

pressure coefficient

peak fluctuating pressure coefficient
areaaveragegressure coefficient

lower surface pressure coefficient
maximumpressure coefficient

mean pressure coefficient

minimum pressure coefficient

net pressure coefficient

upper surfacpressure coefficient

peak pressure coefficient

force (N)

Xviii



r

Pmean

Ps

Pa

<

)
UzZyet

0.
u(x,y,z,t)
V(X,Y,z,t)

w(Xx,y,z,t)

Von Karman constant

building height

turbulence intensity

pressure

peak fluctuating pressure

mean pressure

stagnation pressure

ambient pressure

dynamic pressure

wind velocity

gradient wind speed

mean wind speed

wind speed at reference height

friction velocity

(m)

(Pa)

(Pa)

(Pa)

(Pa)

(Pa)

(Pa)

(m/s)

(m/s)

(m/s)

(m/s)

(m/s)

fluctuating longitudinal velocity component (m/s)

fluctuating lateral velocity component

fluctuating vertical velocity component

(m/s)

(m/s)

XiX



Cc

height from ground level

reference height from ground level

roughness length

power law exponent

boundary layer thiakess

shear stress

ambient air density

(m)
(m)

(m)

(m)
(Pa)

(kg/m)

XX



CHAPTER 1: INTRODUCTION

1.1 OVERVIEW

The evaluation of windnhduced loads applied on solar panels playsrg weportant role

for design purposes. During the last decades, a strong interest has beenedevelop
towards renewable energy resources and to this end the utiligdtgoiar panels has

been expanded. However, the effect of a number of factors such as the upstream
exposure, the landscape, the panel inclination and location, the building heighidts pa
attached to building roofs and the like have to be carefully considered in all experimental
and computational procedures. Experiments can be performed nowadays with more

sophisticated and cutting edge technology resulting in more accurate results.

Sdentists and engineers have already made many efforts to define wind loading with
results not always compatible. The main objective of such studies is to produce data that
will be used for the improvement of building code provisions which in turn cartdead

more sufficient, economical and overall safer design. Many cases of damaged panels
(Figure 1.1.1have been observed when exposed to strong winds because of poor or non
available provisions related to this kind of structures in wind design staratasdgding

codes of practice. Analysis based on simplifications or assumptions often lead to
incorrect results and uneconomic design, which may result in poor safety and/or
unreasonable construction cost. Although, there are a number of studies whidelave

with this issue, many of them are controversial and many aspects of the problem still



remain uncovered requiring more research in this.fighdis, a more detailed study based

on experimental results is necessary to address this problem.

4 _hi

Figurel.11 Damaged solar collectorafferChung et al, 2008)

1.2 THESIS OBJECTIVES

The main scope of this thesis is the systematic study of-waheced pressures applied

on the surface of solar panels, placed ongtteeind or on the roof of buildings. For this
purpose, a detailed literature review was completed as the first step to compare the
experimental results generated by previous studies and indicate the areas for which
further study may be necessary. Previouslies include fullscale, wind tunnel and
simulation tests for staralone panels and panels attached to building roofs with

different configurations.

As far as the current study is concerned, the most significant aspect of it was to examine
the influenceof a number of factors during the wind tunnel tests performed in the

atmospheric boundary layer wind tunnel of Concordia University. The evaluation of



parameters such as building height, panelination, and location, as well as, the wind
direction hasa direct impact on design decisions for these structtifes collection of
the experimental data, in addition to its analysis and transformation to prdsscee,

and areaaveraged pressure coefficients was of major significance in this work.

1.3 THESIS STRUCTURE

The introduction of this thesis is followed by six chapters:

1 Chapter 2: BasidVind Engineering conceptegarding structuresre discussed in
this chapter.

1 Chapter 3: Detailed literature review based on previous wind tunnebkcfid|
and computgonal studies igpresented and comparison meviousexperimental
results is made

1 Chapter 4: The wind tunnel facilities and experimental equipment are presented
along with the details concerning the building and panel model construction. In
addition, hewind tunneltesting procedure is described, aslasl the process of
thedatainterpretation

1 Chapter 5: The wind tunnel experimental results are presentede3hks are
given in terms of pressurareaaveraged pressuand force coefficients anithe
effect of a number of parametene also discussedamely: panels at the ground
level, mounted orv mand 16 m high buildings, located at thieont and back
position of the building roof and finally inclined by 20, 30, 40 and 45 degrees.

1 Chapter 6: Based on he results of the present studgonclusionsand

recommendations for furtheesearch are made



CHAPTER 2: WIND ENGINEERING BASICS

2.1 GENERAL

This chapter is a summary of Wind Engineering basic concepts. The atmospheric
boundary layer and the turbulent wirade introduced in the first part where their
characteristics are also described. The mathematical description of the wind profile
follows, as well as the mechanisms generating it. Moreover, in twdervestigatethe

wind effectson structuresthe Bernolli equation applied for a wind tunnel and the
dimensionless pressure and force coefficieanépresented. Finally, the characteristics of

the atmospheric boundary layer wind tunnels are described.

2.2  WIND ENGINEERING CONCEPTS

2.2.1 The atmospheric boundary ayer

The lowest part of thé&roposphergewhich is in contact with thea r t durfaseand in

which there is wind motigns called boundary layer. When the air is moving upon the
eartl® surfacea horizontal drag force exerted on it retards its flow. Thisefalecreases

as the height above the ground increases and thus its effect becomes negligible at a height
U, whichis called height of the atmospheric boundary layer. Above this height, flow is
assumedfrictionless and the wind flows with the gradient wind velocity along the
isobars. As a result, the atmosphere at a level greater than the boundary layed s cal

free atmosphere.



It is obvious, therefore, that the atmosphere can be divided into diffesgns, which

have different characteristics according to their distance from the ground level.
Nevertheless, it is the boundary layer of the atmospherdstiadtmain interest to the

building and civilengineers sinceost of thestructures are found on the ground surface

and extend only to some meters athickmess t he g
is not fixed andt can vary from a few hundred metdo seeral kilometers.tlis directly

affected by the air temperature and the terrain characteristics such as the topography and

the ground roughness.

Concluding, boundary | ayer is the area adj

1 The speed of the flow imeases from zero at the surface where theslipo
condition is valid to the geostrophic wind speed where there is no friction and
equilibrium of forces is applied.

1 Small impulses take place on the surface per timg, whichis translated to a
steady fore acting on the body along the flow direction andial | ed - Asur f ¢

friction dragbo.

2.2.2 Boundary layer thickness

The thickness of the boundary layer is considered to be extended to a didtamedhe
surface where the velocity u at this point is 99%heflbcal freestream velocity because

of friction absenceFigure 2.21 (a) and (b) show the thickness of the boundary layer by

plotting the height y as a function of the velocitgomponent in both dimensional and



dimensionless form. The dimensionlessnioof the boundary layer iGelpful when

boundary layer profiles of different thickness are to be compared.

U u/U, =u
(a) (b)

Figure 2.21 Dimensional (a) and dimensionless (b) wind velocity profiles (after

Houghton and Qauthers, 1976)

2.2.3 Types of boundary layer
Study of the boundary layer leads the conclusion that there may be taifferent

regimes as far as the flow is concerned: (1) laminar flow, (2) turbulent flow

1 Laminar flow appears when the fluid layers flow owae another with little mass
fluid interchange of adjacent layers. Momentum exchanges happen only on
molecular scale.

91 Turbulent flow is characterized by chaotic atdchastiqroperty changes. This

means that fluid particles experienci#ffusion and convectionbetween adjacent


http://en.wikipedia.org/wiki/Stochastic
http://en.wikipedia.org/wiki/Momentum_diffusion
http://en.wikipedia.org/wiki/Convection

layers, which results in rapid variation mfessureandvelocity in space and time

and important mixing of fluid properties. Velocity fluctuations are present
because of this random motion of particles and masspoatation takes place
between adjacent layers. If there is a flow with a mean velocity gradient then
streamwise momentum interchanges between adjacent layers leads to the

appearance of shearing stresses.

Figure 2.2.2depicts the normalized laminar andbwient profile where it is cledhat the
laminar velocity drops almost linearly at the lower part of the boundary layérit
reaches the zero value at the surface. However, it can be seen bwhfmyundary layer

types, the shearing stress at sheface depends only on the slope of the velocity profile.

]
*

Laminar

Turbulent

2
{3

Figure 2.22 Normalized laminar and turbulent profile (after Houghton and Carruthers,

1976)


http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Velocity

2.2.4  Turbulent wind
When it comes to studhyg the windcharacteristicst is more convenient to consider the

following assumptions:

1 At least alO-minute period is applied when the mean wind velocity is to be
calculated considering that the wind is stationary for this period of time

1 It is assumed that the wirdirectiondoes notchange with height (although the
geostrophiequilibrium of forces cannot be maintained) and low buildings are not

affected by directional change.

In order to describe mathematically the natural wan€artesian coordinatgstem will
be adopted with the-direction being the mean wind velocityrection, whichis of great
importance since flow usually happens over a flat area. Jhésyis horizontal and the z
axis is vertical and perpendicular to the surface formed by the other x®g veth

positive direction considered when pointing out.

The velocities at a given time are given as:

Longitudinal component: U(z) + u(x, v, z, t)

Lateral component: v(x, y, %)

Vertical component: w(x, y, z, t)

Where U(z) represents the mean wind viéyoat a height z above the ground and is only
dependent on the height z. The components u, v, w are the fluctuating components of the

wind which are considered stationary with a zero mean value.



2.2.5 Mechanisms generating turbulent wind

Turbulence can be gerated in the atmospheric boundary layer as a result of mechanical
process thermalprocessor combination of both. The wind conditions appeared in the
boundary layer can be generated mechanically because ed the sarfacse roughness

and are describednathematically by the mean wind velocity and the turbulent
components. Moreover, the thermal effects of the atmosphere cannot be neglected
especially when the wind velocities are less than 10 m/s. The presencesaf thsults

in heating the atmospheriayer and thus different air temperature leads to different
density of the air molecules. This density difference gives rise to air mixing which takes
place between adjacent atmospheric layers so as a stable state to be established. No heat
exchange betven the layers means that the atmosphere is under a retateglwhichs

assumed to be the case Wand engineering applications

2.2.6  Wind profile

The wind profile in the boundary layer candefinedby using mainly two characteristic
length scales. Fathe lower part of the boundary layer, surface roughness is the most
important length scale, while for its upper part, the height of the boundary layer is of
great importance. Therefore, the wind profile close to the grounth{500m above the
ground) wiere only the surface roughness is considered will be approximated by the
logarithmic profile while for greater heights power law is more appropriate since it takes

into consideration the height above the ground.
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1 The logarithmic profile

The friction velaity u- is given by the formula:

éz - (1)

wherey is the air density and is the shear stress &aetground level.

Dimensional analysis can give another expression for the logarithmic profile of the mean

wind velocity:

~ y ~

Ya o, -1 F )

wherea is the Von Karman constard € 0.4) and gis the roughness length.

Friction between the ground surface and the air results in the formation of a vortex, the
size of which can be described by the roughness leggHormula(2) indicated that gis
the height where the mean wind velocity is zdrable 2.2.1 gives typical values of the

above properties for different terrains.
1 Power law

As has already been mentioned, the logarithmic profile is more appropriate dbtshei
closer to the surface. ddetheless, when it comes toingsit for higher levels, the
logarithmic equation is corrected taking into account the height as well. The power law

profile is empirical and is given as:

Ya Y — 3)
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wherez. is a reference height (1@ usually) Uis powerlaw exponent which depends
on roughness and other conditiori$ie power law is valid for any value of z in the

boundary layer ofi thickness and so by settitlyrer = Vg andz.s = U, it yields:

wa W - (4)
Terrr]aln Powerlaw exponent Atmospheric
Exposure category rougnness 0 P boundary layer
Zo(cM) thicknessli (m)
A= large cities 80 1/3 457
B= urban and suburban 20 2/9 366
C= open terran 3.5 1/7 274
D= open coast 0.7 1/10 213

Table2.21 Terrain roughness, powdaw exponent and boundary layer thickness values

corresponding to different exposure categories (after Liu 1991)

2.3 TURBULENT WIND CHARACTERISTICS
Wind is a turbulent flow and asuch,random fluctuations characterize its velocity and
pressure. To this term, it is necessary to introduce some statistical properties such as the

mean, peak and RMS wind spdedully describe this phemoenon.

Mean wind speed can be defined as the wind speed recorded at a given location and
averaged over a cemaperiod of time. However, in structuraésign the peak values are

of main interest, which result from high winds of short duratidme definiton of peak
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wind speed/aries according to the average time recbiolwever, t can be observed
that when the averaging time decreases, the peak wind speed increaggsdoreturn

period.

2.3.1 Turbulence intensity

The fluctuating velocity component of md flow is called turbulence and results mainly
from the terrain roughness. The wind velocity vector V can be decomposetthrieto
components on X, y, z directioa®id asit has already been mentiondteseconstitute
from the mean average value and tluettiating components. Nonetheless, in most cases
the flow is horizontal and since the turbulence in thdirection is stronger, only the

horizontal components will survive (8V, v=0, w=0).

The relative intensity of turbulence is defined as theulerize intensity divided by the

mean velocityY.

0 — (5)

Where 'Y isthe rootmeansquare (RMSpf thewind velocityat elevation z

2.4  WIND EFFECTS ON STRUCTURES

2.4.1 Wind pressure on g$ructures
One of he main scopeof wind engineering is to study the surface pressure applied on

buildings which result from their exposure to natural wind. In order for thisypeess be
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defined, it is necessary to introduce a reference pressure with which wind pressure can be
comparedFor prototype buildingghe reference pressure is m@bient pressurehich

is defined as the air pressure at the location where the strigtaseif the structure was

not there and the flow was not obstructedr a model building tested in a wind tunnel

the ambient pressure is the air pressure in the test section which differs from the
atmospheric.Theoretically, the external pressufstagration pressureapplied on a

building can be accurately measured at the stagnation point, which is located above the
center of thewindward surfacePressure on building surfaces can be either positive
(pressure) or negative (suction) when compared tautti@ent pressure. If a steady wind

flow is assumed with uniform velocity, the

the stagnation point and one upstream point can yield:

n n -"Y (6)

Where:

ps is the stagnation pressumg is the atmospheric pressugeis the air densitandU is

the upstream wind speed

Measurement of wind pressure can bec@awery complicatedask becauws of the large
number of different parameters that have to be taken into consideration. Dimensional
analysis, however, is really helpful to overcome these difficulties by introducing the local
mean pressure coefficient which gives the pressure at amagylpint ona structure in

dimensionless form as follows:

0 f - (7)
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WhereC,is the pressure coefficigmeanis themeanpressureandU is the velocity at a

reference height

Dimensional numbers have been also introduced for the case of peak pressure
coefficients which are of great importance for designing purposes. So, for the case of

peak fluctuating pressur@p

0 — (8)

It shouldbe noted though, that the velocltytakes the mean time averaged fste@am
value. Moreover, thedimensional coefficients offer the ggibility to compare results

coming from different studies even if different parameters have been considered.

The force applied on the structures can also be defined through the dimensionless force

coefficient by the formula:

o — (€)
WhereCkis the force coefficient, F is the force applied on the surface considered and A
is the area of theusface considered.

It is also important to define the net pressure coefficient:

0 0r Oj (10)

Where 0 j is the uppersuface pressure coefficient ar , is the lowersurface
pressure coefficient. When the net pressure coefficient takes negative values then suction

occurs and the pressure direction is upwards.
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The areaaveraged pressure coefficients are givethieyformula:

0 i — (11)

The areaaveraged pressure coefficients are defined as the integrétibe et pressure
coefficients over the corresponding area of the pressure taps and then divided by the

whole area covered by the pressure taps considered.

2.4.2  Atmospheric boundary layer wind tunnels

In order to better investigate the wind effects on strestuengineersise atmospheric
boundary layer wind tunnels where windlocity properties arbetter simulated and the

mo d el s 6 isrnore poounaselgxamined. For this purpose, the length, height and
width of wind tunnel ficient 9o assthe wiadeveldcity praofile kna v e
be generated in the wind tunnélloreover, during wind tunnel testing sophisticated
equipment is used in order to capture the wimtliced pressures on very small models.
During studies conducted in a boundaryelawind tunnel it is crucial to satisfy certain
similarity parameters. These are the geometrical, kinematic and dynamic similarity
parametersvhich are not independe from each other. Wind tunnehodelscan be
fabricated by different materials and undéfedent scales according to the undertaken

study.



16

CHAPTER 3: LITERATURE REVIEW

3.1 INTRODUCTION

Solar collector or photovoltaic (PV) systems placed either on building roofs or standing
alone in the fields have been used extensively in recent years. These systamsitve

to wind loading but design standards and codes of practice offer little assistance to the
designers regarding provisions for wimaluced loading. Thishapter reports a detailed
literature survey, which has reviewed and compared the findingsroé of the most
recent and older experimental and numerical studies carried out for different solar

collector system configurations.

Results show significant differences among different studies, some of which correspond
to similar configurations. Compaons are made in terms of mean and, if available, peak
pressure and force coefficients for different wind directions. The data are organized
separately for solar collectors on flat or pitched roofs staddalonepanels.Also, the
inclination of the colletor, as well as its location on the roof, has been taken into

account.

The review explains clearly the lack of design provisions in wind loading standards and
codes of practice. It would indeed be very difficult to yield to an acceptable set of design
provisions for solar collector and PV systems. The literature review concludes that a new
comprehensive study would be necessary in order to put together a set of provisions for

different configurations including both point and aes@raged loads
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3.2 WIND EFFECTS ON SOLAR PANELS

The increased interest on energy efficient residential construction enhanced the use of
photovoltaic (PV) systems on such structures. From the structural engineering point of
view, these integrated building attachments are exposée teaime environmental loads

as other structural components. In particular, lightweight components like PV panels are
predominantly sensitive to windduced loads. Moreover, their increased cost requires

for special considerations during the design anthllasion stages.

This chapter focuses on presenting and comparing results from pretimliss, which
deal with wind loads applied on solar panels. More specifically, the cases considered
refer to solar panels located on flat or pitched building rooflsstandalonepanels. For
these cases, researchers investigated the-wthoted loads by using fudicale, wind

tunnel and numerical simulation approaches.

The results coming out of these approaches, experimental or numerical, are usually
expressed in ters of dimensionless pressure or force coefficients, which allows to
directly compare results from different studies. However, some studies have been carried
out under different conditions, such as different geometric scale, panel shape etc. In order
to ovecome this obstaclean effort has been made to cisprevious studies into

di fferent categori es, according to the
Therefore, the limited studies on wind loads on solar collectors can be organizédzkinto t

following categories:

1 Solar panels attached to flat roofs

1 Solar panels mounted on pitched roofs
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1 Solar panels and rooftop equipment near roof edges and corners

91 Sloped solar panels on the ground

3.2.1 Solar panels attached to flat roofs

Description of Studies

There are a number of studies dealing with sodarels, whictare attached to the surface
of flat roofs as shown ifrigure 3.2.1 The panels are either parallel or inclined with
respect to the flat roof and the uplift force coefficients have been estimmaing both

experimental and numerical approaches.

One of the first wind tunnel studies on inclined solar panels attached onstdiey flat
roof building was conducted by Raduat (1986).The collector and building models
were fabricated using aegmetric scale of 1:50. The dimensions of the collector model
were 0.04m x 0.02m and the building dimensions were @3k 0.43m x 0.3m (height x
length x width).The solar collectors were located at the center of theatoaf3Gdegree
inclination with respect tothe flat roof while the wind directiomovered the whole
spectrum from Oto 360 degrees. The findings from the specific study were mainly

presented in terms of mean net uplift coefficient values.

In a second study frorRadu and Axinte (1989)yind tunnel experiments were carried
out using a plate collector model located vertically on the building roof. The model
dimensions were 0.08 x 0.04m (length x width) using a 1:50 geometric scale for its
construction. For the particular study a snwaihd tunnel (0.3m x 0.3m x 2.5m) was

used and local dynamic pressures were measured for four different wind incidence angles
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(0, 30, 90 and 180 degrge3he experimental findings were presented in terms of mean

pressure coefficients on thuppersurfae of solar panel arrays.

<

Figure 3.21 Crosssection and plan view of building model with attached panel on the

roof

Wood et al. (2001ronducted wind tunnel experiments on a 1:100 industrial building
model. The solar collector modedeere mounted parallel to the flat roof of the building
which had dimensions 0.41h x 0.Z mx 0.12m (length x width x height) and covered

the whole roof area. In this study, experiments with collectors located at three different
heights above the roof @dding as well as three different lateral spacing values were

carried out. The location considered is the-aigtance from the leading edge.

Ruscheweyh and Windhovel (2019ed 1:56scale PV models mounted on top of a flat
roof building. The instrumenteBV panels were placed at different locations on top of

the flatroof building model and the net wiridduced pressures were measured.
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Experimental Results

The main findings of the previously discussed studies are summarizéduire 3.2.2.

The resus are presented in terms of mean and peak net uplift pressure coefficients as a
function of the wind direction. More specifically, for the case of Wood et al. (2001) the
maximum and minimum values observed at the mid normalized distance from the edges

arepresented for 0 and 90 degredad directionand for O degrees panel inclination.

The comparative results clearly show the differences among the consitigdexs that

can beattributed mainly to the different configurations and in some cases different
experimental approaches. As far as mean net pressure coefficients are concerned, no
conclusion can be drawn as only a single value from the Ruscheweyh and Windhovel
(2011) study is available. Nevertheless, the findings for 180 degrees wind angle are not

too far from each other.

15 {ﬁ- T
05 ..'.. S ——
g 0 ' ..... N N s n ™ Wood et al (20013 0°
o . .
@) A : —— max
0.5 s
-1 <\\ " == min
-1.5 ++A-+ Ruscheweyh and
\ Windhovel (2011), 30
2 inclinationrmean
0 60 120 180 240 300 360 ‘- Raduetal(1986), 30
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Wind direction ( °)

Figure3.22 Net uplift pressure coefficients for solar panels attached to flat roofs
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3.2.2 Solar panels mounted on pitched roofs

Description of Studies

There is a small number of studies that deal with vimoldicedloads on solar panels
attached on pitched roofs. Such studies have been carried out in both wind tunnel and
full-scale facilities (e.g. Sparks et al. 1981, Blackmore and Geurts 2008, Geurts and
Steenbergen 2009, Stenabaugh et al. 2010). A representatifigucation of a building

and PV models is shown in Figug2.3

£ 1o

Figure3.23 Crosssection and plan view of building model

In more detail Sparks et al. (1981arried out fulscale and wind tunnel experiments in
order to determinghe windinduced forces on solar collectors. The wind tunnel
experiments were performed on models of 1:24 geometric scale. The solar collectors
were mounted on the roof of a sing®rey building and they had eight pressias,

which were placed on thepperandlower surfaceof each solar collector. In addition to

the wind tunnel tests, this study made use of askdle building with external
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dimensions of 4.09n x 4.9m x 4.09m (width x length x height) and a 30 degrees

pitchedroof. The spacing lt@een the collector and the roof was 150 mm.

Another fultscale study was carried out by Geurts and Steenbergen (RO@8% study,

two dummy PV panels with 12 pressure taps onuttygerandlower surface were used.

The size of each panel was h6in length, 0.8m in width and 0.018n in thickness and

its distance from the roof was 0.15 m. The panels were located on the building roof
having a pitch of 42 degrees. The two panels were attached at two different locations;
Panel 1 was attached to the Southglope (orientation 150 degrees) and Panel 2 at the
Western side (orientation 240 degrees). In addition to thesdale experiments,
Blackmore and Geurts (20pgerformed wind tunnel experiments using a 1:100 scaled
model of the actual building and B&nel. The spacing between the module and the roof
could range from 0@25 m to 0.003m. The results presented in their study provided the
values of pressure coefficients at some selected pressureitaps,on thaupperor on

the lower surfaceof the mnels. Nevertheless, it was reported that the net pressure
coefficients range from 0.24 t6.31 fa module to roof spacing of @m and 5 mm

respectively.

Finally, Stenabaugh et al. (201@arried out a wind tunnel study using two different
building madels with 30 and 45 degrees roof angles. A scale of 1:20 was sefected
attain an adequate resolution for the gap between the maddl¢he roof. The solar

ar r dipensons were 0.025n x 0.07275 m and each array was formed by 28 panels.
Their experimats were repeated for different gaps between the panels and the roof and

considered six different configurations by changing the position of the panel on the roof.
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The results focused on design loads and therefore, the peak loads for different

configurations were presented.

Experimental Results

The findings from the previously discussed studies have been considered in the
comparisons shown iRigures3.2.4to 3.2.6 The results are presented in terms of mean

and peak net pressure coefficients and are gbupéwo sets, based on the roof shape

(i.e. hipped and gable roofs). More specificalijigure 3.24 presents the mean and
maximum net uplift coefficients for solar panels attached parallel todegfes hipped

roof that cover the whelroof surface (Sparks et al. 1981). The results include findings
from both wind tunnel and fulcale experiments. The comparison of the two
experimental methods shows that the mean values are in good agreement whereas the

maximum net pressure coefficisrare somewhat higher in thel-scalestudy.

Figure3.2.5summarizes the experimental findings for the Geurts and Steenbergen (2009)
full-scale study. The results refer to two solar panel configurations that have different
orientation and are attachéd a 42degree hipped roof. The comparisons of the two
different configurations show that the mean and maximum net pressure coefficients are in
good agreement for most of the examined wind angles. Some discrepancies occur for the
mean values for the 60 1@0-degree range of wind directions. Such differences are even

morepronouncedor the minimum net pressure coefficients.
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Figure3.24 Net Uplift Pressure Coefficients for solar panels on buildings witdefree

hipped roof (after Spks et al. 1981)
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Figure3.25 Net uplift pressure coefficients for solar panels on buildings witdetftee

hipped roof for T=0.kec (after Geurts and Steenbergen 2009)
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Finally, Figure 3.2.6 presents findings fronthe Stenabaugh et.g§2010) wind tunnel

study. The graph includes results from two building models with roof angles of 30 and 45
degrees respectively. It should be noted that only values obtained from the experiments
with the solar panel located at the center of gable oiding are presented. The
comparison of the peak uplift pressure coefficients for 90, 180 andiéyif@e wind
angles show significant differences while for the rest of the examined wind angles, the

results are in better agreement.
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Figure3.26 Minimum uplift pressure coefficients for solar panels located at the center of

30- and 45degree pitched roofafter Stenabaugh et al. 2010)
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3.2.3 Solar panels and rooftop equipment near roof edges and corners

Description of Studies

Therearea vew limited number of studies dealing with wind loads applied on rooftop
equipment and solar panels located at the edges of the roof. Because of the building
geometry, the wind flow pattern will be different near the building edges and will change

closer tathe center.

Hosoya et al. (2001yonducted wind tunnel experiments in order to investigate the-wind
induced loads, such as lateral, uplift forces and overturning moment, applied on a cubic
model representing an air conditioner unit placed on top of aibgil The geometric

scale selected for this study was 1:50 and the dimensions of their cubic model were
0.0244m x 0.0244m x 0.0244m. A total of 25 pressure taps were installed on the
sidewall and top surfaces of the cubic model. The cubic model wasdpkicthree
different locations in order to examine the wind effect at different distances from the roof

edges.

Another interesting study was conductedBrygnkhorst et al. (2010)hich examined the
wind-induced effect on an array of solar panels locatethe roof edge of a flaof
building. This study included both wind tunnel experiments and numerical simulation.
The solar panels had a depth of 0.084wind tunnel model) ahan inclination of 35
degrees whilel20 pressure taps weused locatedalong the solar panels. The building
model was constructed using a 1:50 geometric scale and its dimensions were equal to 0.2

m x 0.6m x 0.8m (height x width Xength.
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Similar to the previous studienkiewicz and End¢2009)performed both wind tunnel

tess and numerical simulations on lodsé&l roofing systems. Pressure measurements
were taken at points located at the roof corner region with and without the roofing system
in place. The effect of permeability on the total winduced force was also exarath

The results showed that tlsystem permeabilitywhich is also related to the gaps
between the paneland the flow resistance control the wind uplift reductimder the
system which corresponds to the spacing under the panel. Finally, as previously
discussed, Erwin et al. (2011) and Saha et al. (2011) performed wind tunnel and full scale

experiments for model configurations in which solar panels are located near roof edges.

A large-scale experimental study was carried outHowin et al. (2011usingthe 6fan

Wall of Wind (WoW) facility at Florida International Universityeating turbulent flow

conditions A PV module with dimensions I75mx 0.95m x 0.041m (length x width x

thickness) was mounted on a flat roof building with dimensionsh343 m x 3.2m.

The PV modules were tested in two differen
and close to the roof edge and APosition
results from this study c animentalfitdiags simenp ar e d
they apply only for the case in which the panels are located at the roof edge and no other

study discussed data for such configuration.

Last but not leastSaha et al. (201%gsted an array of 18 solar collector models, two of
which were equipped with pressure tapsboththe upper and lower surfacéhe wind
tunnel model was of 1:50 geometric scale and the size of each collector was 8.02
0.04m. The model was tested in suburban exposure with 0.2 power expdhergolar

colledors covered the whole roof of the flat roof building model which had dimensions
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equal to 0.4m x 0.45m x 0.45m (height x width x depth). Several different collector
location configurations were examined such as edge and center areas by changing the

postion of thetwo-instrumenteganels.

Experimental Results

Although, Hosoya et al. (2001) and Bronkhorst et al. (2010) examined the wind loads
when the units were placed at the roof edge, the comparison between the results of the
two studies is not possidldue to the different model geometry; i.e. inclined panels vs.
cubic attachment. Moreover, the area of the solar panel models is much bigger compared
to that of the cubic model. However, comparisons were made for the studies of Erwin et
al. (2011) and Sahet al. (2011) and are presented in Figdu®7 Several cases for
differentinclinationshave been included in this comparison and results are presented in

terms of both mean and peak net pressure coefficients.

As far as the Erwin et al. (2011) studydoncerned, both mean and peak vafodsw

the same pattern fd5 and 45 degrees panel inclination. The inclination of the panels has
a minimal effect on the mean values. The absolute minimum and maximum net pressure
coefficients reach their peak fdre winddirectionsof 45 and 135 degrees respectively. It
should be noted that for windirections greater than 45 degrees, the mmaom and
maximum values are really cloder the configurations of 15 and 4tegree panel
inclination. On the other hand, Saht al. (2011) maximum values show a different trend
and are in relative agreement to those of Erwin et al. (2011 )fantlie case of @egree

wind direction This phenomenon can be attributed to the fact that different geometries

were considered for éhbuilding and solar panel models. Moreover, it should be noted
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that Erwin et al. (2011) performddll-scaleexperiments while Saha et al. (2011) only

wind tunnel tests.
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Figure3.27 Force Coefficients for solar panels located neaf edges (corner position)

3.2.4 Sloped solar panels at the ground level

There are a few studi¢isathave beerarried outregarding the wind loadsither applied

on single solar collector panels or arrayed panels which are located in the fields. The data
concening those studies have been collected and presentidis isectionfor inclined

solar collectors at an angle greater than 10 degrees with respect to the flat surface.
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Description of Studies

One very interesting study was conductedKmpp et al (2002)who performed wind
tunnel experiments oasolar collector system consisting ©k parallel slender modules
incorporated in a frame with curved top module surface usih® &cale Thedistance
between the modules wd$ mm andthe length of the moduleras 750 mm.The six
wind tunnel scaled modules were equipped B pressure taps in totdlhe Reynolds
number was 7.6xf0 The results werepresented in terms of wind uplift pressure
coefficient andthe worst casesccured for 276 and 336 wind angks. Peak and mean
pressure coefficients were estimated for turbulent flow fedd@reenclination and 75

degree module angle.

Wind tunnel experiments were performed Giiung et al (2008using a 60% scaled,
commercial solar watdreater (see Figur@28), whichincluded a flat panel of 1.2 x
0.6 m dimensions and a cylinder on topitofvith 0.27 m diameter and @. mlength. The
flat plate faced the flow direction and was inclined at an angle of 25 deuoreies is
considered the wet case as far as the wind uplift pressure coefficient is concemmdd
the one commonly used for solar panels installation in TaiWdre pressure was
measured on thapperand lower surfaceof the flat panel by drilling the surface and
placing26 pressw taps along the ctarline of the panelA closed loodow speed wind
tunnel was employed with constant atest section of 1.2n high, 1.8m wide and 2./
long while the turbulence intensity was 0.3%th the wind speed adjusted from @&ds

to 50m/s Nevertheless, the main goal of the study was to focus on the effect of a steady

wind and as aesult,the flow was uniform instead of simulated boundary layer.
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Figure3.28 Solar water heater (after Chung et al, 2008)

In another study released one year lateagain by Chung et al (2009wind tunnel
experimentswere carried ouusing the same laboratory equipment and therefore the
initial conditions remained the same. They changed, however, their models using a 60%
scaled plate model Wi a cylinder, a 60% plate modilat was only a flat panel and a
40% model with a flat plate panel. Their models were tested for inclisatfdrb, 20, 25

and 30 degreescing the flow direction.

CFD simulations were carried out Bhademarand Hangar{2009)on stanealone and
arrayed panels for a set of 3x4 solar panels. Each panel had dimensiandehgth, 0.5
m in width and 3mm thickness with gaps of 0.0t between two panels. The model
formed, was 22n in length, 15 m in width and 10 m heigh, and was raised 0.6 m

above the ground. The dimensions of the computational domain ware i@2ength,
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15 m in width and 5m in height. Two differeninclinations(30 and 35 degrees) of the
panel and threwind directiong(30, 60, 90 degrees) werarsilated in order for the wind

loads to be investigated under different configurations.

More wind tunnel experiments followed [3hung et al (20)1who fabricated a 60%
scaled commercial solar panel (1.2 m x 0.6 m) with horizontal cylinder (0.27 m in
diamder and 0.7 m in length). They tested their model under the same conditions as
the previous studiesvhere the maximum blockage ratio was 8.75%. The residential flat
panel under consideration was inclined, with a tilt angle of 15, 20 and 25 degrees
resgectively with respect to the flat ground level. The pattern followed for measuring the
pressure on thapperandlower surfaceof the panel was the same as described in their

previous experiments.

Shademan et al (2016¢peated their CFD simulation for ¥2andalone panels arrayed
using the same configuration. Four differemtlinations(30°, 35°, 4¢°, 5¢°) and 7wind
directions(0°, 3@, 6@, 9¢, 120, 150, 18() were simulated. The dimensions of the
computational domain are 30 m in length, 21 m intividnd 10 m in height while the
Reynolds number under which the simulation was conductedisZR&0. By testing all

the different configurations described, it was found that the worst wind loads occurred for

0 and 180 degrees.

Two different methods usde by Bitsuamlak et al (2010)ried to investigate the
aerodynamic characteristics of panels located on the ground under boundary layer effect.
The study included botltomputational simulations arfdll-scaleexperiments. For the

numerical simulationa tygcal panel of 1.3 m height was considerith inclination of
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40 degrees. The angle of attack was 0, 30 and 180 degreefullféealeexperiments

took place at Brida InternationalJniversity andthe wind uplift pressure coefficiesxon

the panelsveredetermined. The 11 pressure taps used, were located along a vertical line
on theupperandlower surfaceof the panels. The dimensions of the panels werenl.3
x1.1m x0.019m (length x width x depth) and they were attached fitame inclined by

40 degres angle while the incidence wind angle could take the values 0 and 180 degrees.

Meroney and Neff (2010) carried out some numerical calculations and wind tunnel
experiments to estimate the uplift coefficient on solar collectors-Dratdd 3D flow
patterrs using %2 scale modelshich were inclined by 10 degrees with respect to the flat
roof. They used eight additional dummy tiles so as an array 3x3 in size could be installed

in the 1.8 meters wide wind tunnel.

Experimental Results
A summary ofthe expemnental and simulation result$or standalone solar panels

inclined by an angle ranging from 10 to 25 degiseshown inTable3.2.1

According to Meroney and Neff (20183sults, it can be said that fod®linclination, the
net uplift pressure coeffia is greaterfor 180° wind angle compared to tH& wind

direction.

Chung et al(2008, 2009)experiments seem to be in agreement since only small
differences can be observed concerning their exanmmadel which is fabricated in a
60% scale. In additiorgs theinclination gets greater values, tlseiction increases since

its absolute value becomes greater



Wind Direction 0° | 180C
Meroney and Neff (2010) 1Binclination
CFD- 2D -0.04| -0.183
Measured 2D 0.07 | -0.073
CFD- 3D -0.02| -0.1
Measured 3D 0.07 | -0.07
Chung et al (2008), 25inclination -1.1
Chung et al (2009)
Case B, 15%inclination -0.6
Case C, 1%inclination -0.4
Case B, 2Dinclination -0.8
Case C, 2Dinclination -0.6
Case B, 2%inclination -1
Case C, 2%inclination -0.8
Chung et al (201)
15 inclination -0.8
20 inclination -1.0
25 inclination -1.1

Case B: 60% scaled model with a flat panel only

Case C: 40% scaled model with a flat panel only
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Table3.21 Standalone solar panels inclined by a 10 to 25 degrees angle
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Figure 3.2.9depicts the results fosolar panels inclined by a 30 aB8 degres slope.

From this Figure, it can be observed that the uplift pressure coefficiesitalyepositive
values when CFD ethods apply. Therefore, thesults coming out of Shademan and
Hangan (2009, 201(gnd Chung et a{2009) take values with opposite signs for 180
degrees wind anglelt can be seen that Shademanos
agreement either and the omlifferences between the two studies is the computational

domain considered.

Oimth ange

T(-) —

Shademan and Hangan

Cp,net (mean values)

0 cecpee 30 ——35
Shademan and Hangan
-0.5 «e®+ 30 —8— 35
1 u Chung et al (2009)30¢°
O O caseB MW caseC
-1.5
-2
0 60 120 180 240 300 360

Wind direction ( °)

Figure3.29 Net wlift pressure aefficient fa solar panels inclined by 30 a8 degrees

angle on the ground level

However, itis necessary to mentidhat the results shown in FiguBe29 are the values

of the wind uplift pressure coefficients corresponding to those values recorded at the
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middle of the flat solar panels. The particular location was selected because in some
cases the pessure coefficient is provided only along the centerline and therefore

comparison can be feasible among different studies.

Figure 3.2.1Qpresentghe results for solgpanels inclined by a 4t 50 degrees angle.
Bitsuamlak et al(2010) study shows thatheir experimental results, although two

different methods were used (full scale experiments and CFD simulations), are in good
agreementFor wind angles in the range oft® 60 degrees wind angle Shademan and
Hanganos results agr eHowever, foha winth angle18athE Bi t s
uplift pressure coefficient takes positive values for Shademan and Hangan study while for

Bitsuamlak aranegative.

3
23 Laindhange
I (.
= Shademan and Hangan (2010)
33 A @ 40  —@—50
—Y

240 300  360Bjtsuamlak etl (20103 40°
+e<d*+ WOW === CFD

. Kopp et al (2002)
15 % ——145

Wind direction ( °)

Figure3.210Net Uplift Pressure Coefficient for solar panels inclined Bg-&0 angleat

the ground level
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CHAPTER 4: WIND TUNNEL STUDY

4.1 GENERAL

Wind tunnel experiments play a very important role in determining the wind loads
applied on structures. This chapter summarizes and describes all the necessary
information related to wind tunheesting such as the wind tunnel facilities, the boundary
layer simulation, as well as, the models constructed and tested. Moreover, the equipment
used, the wind tunnel experimental maththe data analysis procedure and finally the

repeatability testsra also presented in this chapter.

4.2  WIND TUNNEL FACILITIES

The experiments described this chapter took place at tHeuilding Aerodynamic
Laboratory located at the Engineering Building of Concordia University. The type of the
wind tunnel falls in the cagory of an open circuit, blowdown tunnel having a working
area 12n long and crossection 1.8n wide and height ranging from I to 1.8m - see
Figures 4.2.1 and4.2.2. Models are usually located into the downstream section on a
turntable of 1.21m diameter which can operate manually or electrically and allows
models to be tested for different wind attack angles. The wind speed can range from 3

m/s to 14 m/s inside the wind tunnel section.

The floor of the working section in the wind tunnel is coveretha certain type of
carpet which is used to simulate the open country terdfairdifferent terrain types to be

simulated, roughness elements are added on panels which can be inserted in the wind
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tunnel test section. Additional details for the wind teinconstruction and characteristics

are given by Stathopoulos (1984)
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Figure 4.21 The Boundary Layer Wind Tunnel of Concordia University after

Stathopoulos (1984)

Figure4.22 Front View of the Boundary Layer Wind Tunnel with the building model in

position
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4.3 ATMOSPHERIC BOUNDARY LAYER

It is really crucial when performing wind tunnel experiments for building testing to
accurately simulate the atmospheric hdary layer wind velocity profile. As has already
been mentioned in a previous chapter, wind fluctuates randomly and this is the reason
why it is characterized as turbulefithe floor of he atmospheric boundargayerwind

tunnel of Concordia Universitis covered by carpet and thusadssified by default in

the open terrain category.

Before starting with the experiments, the velocity wind profile had to be checked without
the test model in its position. More specifically, the wind speed was measureel at t
center of the wind tunnel sectiabdifferent heights. Figure 4.3.1 gives the curve of the
wind speed measured at different heights as a function of the height in comparison with
the theoretical curve resulting from the power law whlen0.16. Figure4.3.2 presents

the turbulence intensity profile which is 17.6%#the top of th& m high building and

13.9% at the top of th&6 m high building.
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Figure4.3.1 Wind velocity profile Figure4.3.2 Turbulence intensity profile

4.4  BUILDING AND SOLAR PANEL MODEL

A geometrical scale 1:200 was selected, considering the similarity parameters that must
be satisfied when performing wind tunnel tests. A sophisticatetehwas constructed so

as to simulate a prototype building as realaéticas possible. The model consists of a
rectangular building model on top of which three identical pawel® attached Both

panels and building model were constructed under 1:28/@.9ransparent plastic was

used for the fabrication of the walls haviaghickness of 10 mnat the front and back

walls and 3 mmat the side wallswhile the roofand the panels wemmetallic. The

external dimensions of the buildimgodelwere 15.3tm (length)x 9.8 cm (width), while



41

the height corresponding to two different cases wasB.and &mrespectivey (Figure

4.4.1)
4.4m |
0° ‘ 0 =20° 30° 40° 45°
H=0, 7, 16m
19.6m
10.4m ‘
EEE— 0 =20° 30, 40°, 45°
0° |
H=7, 16m
19.6m

Figure4.4.1 Elevation of building models with inclined solar panels digac

Three similar panels were mounted on the building roof. Their dimensions werm4.3
(length), 2.8cm (width) and Imm (thickness)The panels were located in two different

positions on the roof, the one closer to the side facing%eén@ directionand the other
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closer to the opposite side. For fhent location, the distance between the panel base and
the front edges 2.2 cm and 1.2m from the side edge. For thacklocation the base of

the @mnel is found at a distance & from the front ede of the buildingand 1.2cm

from the side edgeThe model allows the inclination of the panels to change with the

smallest slope being 20 degrees.

In order tomeasurghe wind loads applied atie solar panels, 36 pressure taps in total

were attached othe panels measuring the pressureéhenupperndlower surfaceof the

panel. Each panel was equipped with 12 pressure taps, 6 on each side connected with
tubing that passed inside the building through the roof. The brass taps were connected to
transduces through flexible urethane tubes. A brass restrictor was placed at the 10/24 of
the total length of the tubing (10:14 length ratio) so as the effects of the frequency
response to be eliminated. Considering the three panels as one, the pressure taps were
located at equal distances among them. Figures 4.4.2 and 4.4.3 show the pressure tap

di stribution on the panelsd surface.

However, the main difficulty for such a structure is to connect the pressure taps located

on the panel surface with the ZOC scannemabst studies the tubing passes through the

ceiling to end up inside the building and in this way the flow underneath the panel is
obstructed. For this reason, for the cur
constructed for each panel (Figure 4.4Rpugh which the strings of the pressure taps
passedThese legs have been adapted into small holes on the ceiling in which they can
rotateand from where the metallic cables end nide the buildingThetubing wasthen

attached to the metallic endmgnd finallyconnetedto the ZOC (Figure 4.4.5).
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notation

solar panels attached and pressure tap
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Figure444Det ai |l ed view of the solar pal

Figure4.4.5 View of the pressure tap tubing

The building model was located on the turntable as illustrated in Figure 4.4.6 which can
rotate 360 degrees and allows different wind attack angles to be tested. The building base
that was set in the turntable allowed the building movement upwards amivels so

that the wind loads applied on the panels could be examined for different building

heights.
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Since the environment plays an important role for the flow, it needs to be clarified that
the experimentsvereconducted for the case of an open tersamulation. Additionally,

sharp edges and corness the building and panel models are really important for the
flow separation to occur. In this way, kinematic and dynamic similarities can be assured

even if the Reynolds number of the model is not theesasrthat for the prototype.

Figure 4.4.6 View of building model with panelgplaced on the turntable at £3&ind

direction
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4.5 EQUIPMENT

This section presents the sophisticated instrumentation with whiclwitite tunnel is
equipped. Figure 4.5.1 shows how the instruments are connected. The measuément
wind speed and turbuleacintensity profilewere conducted using the-Hole Cobra
probe.A 1000 Hz sampling rate was used for the velocity measurement3Gadconds

was the duration of each run. For the open terrain, the gradient mean wind velocity was

approximately 13.6 m/s.

A sensitive pressure scanning system was used for pressure measuréhigrsgstem
consists of a Digital Service Module (DSM 34@0) one pressure scanZ&C33/64Px

from Scanivalve. The DSM can be connected with up to 8 ZOC pressure scanners and
through Ethernet all the output data can be transferred to a computer. A ZOC module can
host up to 64 pressure sensors. Its temperaturéohaes maintained constant and this is
why it is kept inside an insulated thermal unit. For the current experiment 36 pressure
taps were connected through urethane tubing to the ZOC which in turn was connected to
the DSM unit. The DSM system was scanningrg 50€s and as a result the sampling
frequency was 312.5 Hz. In total, 8200 frames were scanned which means that the
duration for each run was 26.25 sec. The output data acquired during the scanning

process was in binary format and Ethernet connection wadarstbe transfer.
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Figure4.5.1 Sketch of the experimental wind tunnel equipmefie(&isis 2006)

4.6 WIND TUNNEL TESTS

For the experiments performed, the 36 pressure taps of the panels were connected to a
ZOC module. A cable connected the ZOC module with the DSM unit and then the signals
were transferred to a host computer. This comgatequipped with two softwar®SM-

Link which measures scans of low and moderagguenciesand Btel for higher

frequences.

The building model with the panels attached is symmetrical and for this reason the wind
direction ranged from 0 to 180 degrees while a total number of 13 wind attack angles
were tested with 15 degree intervals. The model can also be tested fomtiffenel
inclinations and for the present study tipanel anglegested were 20, 30, 40 and 45

degrees

The experimental procedure followed is described below:

1 Choose and set the panel inclination examined

1 Set all the panels at the same inclination
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1 Set thebuilding at G wind direction (facing the wind tunnel fan)

1 Provide compressed air in the tubing

1 Run DSMLink and perform a zero calibration for all the channels

1 Turn on the wind tunnel fan

1 Open BTel file, scan, close and save the file

! Change the direicin of the turntable and continue the same procedure for 15
increments for wind direction ranging froml@0 degrees

1 Turn off the wind tunnel fan

1 Repeat zero calibration

The zero calibration was performed so as the drift of the sensors measuring theepress
to be estimated and corrected. The files were all saved with two characteristic numbers,

one indicating the panel slope and the other the wind attack angle.

In total four rounds of measurements took place, each one for different panel slope and

for 13different wind directions with 15 degree intervals.

4.7 DATA ANALYSIS
The mean and peak pressure coefficients have been derived by applying dimensional

analysis. The following formulas have been used:

0 f T (4.1)

0 f —_— (4.2)
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The units that have been used for the above equations are kPa for the pressure, m/s for the
wind speed and kgffrfor the air density. The measurements of the pressure are given in
binary format fom the software. The procedure followed was the same for all the cases

and is described below:

1 Import the record of the pressure scanned for all wind attack angles for each slope
1 Import the record of the erralrift for each case

1 Subtract the correspondjrrift values for each channel

In order to estimate the,(values, it is necessary to know the dynamic pressure at the
building height. Using the power law far= 0.16 at the gradient height=h70 cm and
knowing the building height for each case, theaiyic pressure at building height is
acquired. A division of the corrected pressure value with the dynamic pressure at building
height gives the pressure coefficient. More specifically, for the mean pressure
coefficients, the average value of the estimgiezssure coefficient for each channel is
calculated, whereas, for the peak pressure coefficients the average value of the ten

maximum and ten minimum values are computed for each channel.

The force coefficients for each panebnsidering that the arearcesponding to each
pressure tap was approximately equal, were calculated by adding the net local pressure

coefficients and then dividing by the number of the pressure taps.

Basically, the output data has a signal form as depicted in Figure 4.7.1.i# ssgttnal
that is corrected accordingly and transformed so as the pressure and force coefficients to

be acquired. The signal of Figure 4.7.1 corresponds to the pressure tap number 1, when
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wind direction is 6, the panel inclination is 20the building haiht is 7m and the panel

is located afront position.

01 18 R R e 0 1 T

-0.02 -

Pressure (kPa)

-0.03 .

— actual value

-0.04

0 0.2 0.4 0.6 0.8 1
Period (s)

Figure4.7.1 Pressure signal over a period for pressuregttapfor 20 panel inclinationy

m building heightfront location
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4.8 REPEATABILITY OF DATA

During the experimental process, it is really important to confirm the validity of the
experimental results. Therefore, two identical experiments took place with eleven days
difference. The model was tested for the case ofml®uilding height, 20 panel
inclination, with panels located &bnt positionfor all wind directions As depicted in
Figure 4.8.1 both experiments show almost identical experimental results as far as the
meanand peakpressure coefficients are concerned. The fact that the dats fjund
repeatability can be further used &®to reassure that the experimental instruments and

equipment function properly and provide valid data.

o = N
a
Q)
D
@)

Cp,net

0 30 60 90 120 150 180
Wind direction ( °)

29-Sep —H—mean —&—min O max
10-Oct —e—mean —&—min O max

Figure4.81 Repeatability of data for meand peakna pressure aefficients forpanel
(pressure tap #1) attached 6 m building height, 20 panel inclination front location

and @ wind direction
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CHAPTER 5: RESULTS AND DISCUSSION

5.1 GENERAL

The output data after the completion of the wind tunnel experiments Wergamized in
different sections in this chapter so as the effect of different parameters to be shown and
discussed. The experiments were performed for two different building heights and two
different panel locations; namefyont (closer to the buildinggedge facing the Owind
directioni seeFigure5.1.1) andback(closer to the opposite edfjeseeFigure 5.1.2)In
addition, a third configuration was examined, for panels located at groundi |oee
Figure5.1.1). Moreover, thirteen different wind éations were examined starting from

0° to 180 with 15 intervals and four different panel inclinations namely, ZD-, 40,

45 degreesA selection of the most critical cases are presented in this chaghtitional

data are shown iAppendicesA and B



53

f/‘ 45 19.6m
Ek 4.4m

00
= 5.6m
=
o
Panel 1
7,8 0 01,2 E/
o
9,100 03,4 22
11,120 05,6
Panel 2
19, 200 013, 14]
£ £
) 0
=) v 21,220 ol15,1
53] ol

D3, 240 017, 1

31,320 025, 26

33, 340 027, 28

35, 360 029, 3

Panel 3

4.4m
0° ’ 0 =20° 30° 40°, 45°

H=0,7, 16m

19.6m

Figure5.11 Top and side building views witinont panel configuration

Note: Odd numbers correspond to the upper panel surface while even numbers to the
lower panel surface.
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Wind tunnel experiments produced a wide range of data which were further analyzed so
asto better understand the wimduced response of these structuiidse values of mean

and peak pressure coefficients were all evaldidor individual set of taps on solar panels
corresponding either on thgperor thelower panel surface. Moreover, the net pressure
coefficients were calculated by considering simultaneouslyugperand lower surface
pressure traces. Calculation atrpressure coefficients for individuset of taps on solar
panelsshows that minimum values are more critical since in terms of absolute values are
greater compared to those of the maxima. Further investigation of the acquired data can
provide information for the exact location at which extremes occur as well as for their

magnitude.

This kind of information concerning the exact location is provide@iable 5.1.1which
summarizes the pressure tap numbers for which the most extreme values of the net
minimaare observedt should be noted that all tested wind directions were considered as
well as all model configurationsThe greycoloured boxes indicate for which wind
direction the most extreme values occur, while the number in the gregdmxesponds

to the pressure tap. Cleartire mostritical minima do occur for wind directions ranging

from 120 to 165 and especially for 135vind direction for which most configurations

get their peak value. Along with 135wvind direction, pressure tap number 1 is

experiencing the greatest pressure.

The most critical case, in terms of net pressure coefficients, is for approaching wind
direction 135 degrees. For this reason, detailed contour plots have been drawn for wind

direction 138 so as the most typical andthe same time critical results to be presented.
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Contour lines are really helpful in illustrating the pressure field created on the surface of
panels during their exposure to wind. The results were grouped in different categories
showing the mean and pesklues of pressure coefficients fopperand lower panel
surface separately, as well as the net values by consideringpeeand lower surface

simultaneously.

azimuth
0|15{30|45|/60| 75|90 |105|120| 135|150 165| 180
inclinatio
Pressure tap #
20° 15(15|15|15|15|15| 7 | 7 5 5 3 1 1
At ground 3¢ 15(15|15|15|15|15|15| 13 | 13 | 3 3 1 9
level 40° 15/15|15|15]15|15| 7 | 13| 1 1 1 9 9
45 15(15|15|15]15|15| 7 | 1 1 1 7 9 | 19
20°front | 23|19|21|23|23| 7|7 |15|13| 5 1 1129
20Pback | 5 |35|35|5 |5 | 7| 7| 7 7 3 1 1 7
3C°front | 3 |35/35|35|35| 7|7 13| 1 1 1 1 9
on 7 mroof 30back | 13| 13|13|13(13|13| 7| 7 5 1 1 9 | 33
40 front [29]29(35(35|35| 7| 1| 1 1 1 1 1 9
40back | 13|13|13|13(13|13| 7| 7 1 1 1 9 9
45°front | 3 |29(35|29|29| 7| 7| 1 1 1 1 9 | 19
45°back | 13|13|35|13(13|13| 7| 1 1 1 7 9 9
20°front | 7 | 7 |21|23| 7| 7|7 |17 |15| 5 1 1 1
20°back | 13| 13|33|13(13|13| 9| 9 7 3 1 1 9
3Cfront | 7 | 7 [19(23| 7|7 |7 |13 |13 | 5 1 1| 35
on 16 mroof 30°back | 13| 23[33|13|13|13| 9| 15| 7 1 1 7 7
ACfront | 7 | 23| 731|237 |7 | 15| 19| 9 9 9 9
40°back | 13| 23|33|13(13|13| 9| 15| 1 1 7 7 | 33
45°front [ 23]19(33(31|33| 7|7 | 13| 13| 9 1 =) 9
45°back | 13| 23(33]13(13|13| 7| 15| 1 1 7 7 | 33
Total number of pressure taps 2 110 5 3

Table5.11 Pressure taps experiencing exiie net pressure coefficients
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5.2 EFFECT OF PANEL INCLINATION ON MEASURED PRESSURE
COEFFICIENTS

One of the most interesting aspects of the present study is the illustration of the pressure
field using contour plots. These plots are representative of thecfietded because of
panel sé6 exposur e t oisthe mast.critidalhaed fovthadadonthen g | e
pressure fields have all been plotted for thimd direction The numbers along the
contour lines denote the magnitude of mean and peak peessetficients.The mean

values of pressure coefficientehich correspond tapper lower surface and the net
values are first depicted for panels attached ta-high building andfront located; the

minima and maxima of pressure coefficients follow.

Figures5.2.1, 5.2.2 and.2.3 present the meanpper lower surfaceand net pressure
coefficients respectively, for 2030, 40- and 45 degree inclination and for panels at the

front location of the7 m-high building.

As demonstrated ifrigure 5.2.1sucton occurs for all panel inclinations on thpper
surface of the solar panels. Contour lines, however, become less dense with increasing
inclination and as a resufuction is smaller. The greatest suction is observed foargd

30° panel inclination athe upper part of panel 1 for both cases.

Positive mean pressure coefficients areasuredor lower panel surfacewhich vary
slightly with panel inclination as depicted by contour linesFigure 5.2.2.However
slight suction occurs at the edges of paheand panel 3which diminishes with
increasing panel inclination. This phenomenon might be caused because of flow

separation that happens near panel edges.
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Combination of the two previous contour maps resuli&&gare 5.2.3n which net values

of the pressure coefficients offer the overall sucfioegative signppplied on the solar

panel. Contour lines indicate that panel 1 is mostly affected by the wind since the field
becomes more complex over its surface, while the field over panels 2 and 3 consists of
almost parallel contour lines ,ofgeneraly, smaller values. It is also evident that
increasing panel inclination results in decreasing net pressure coefficients due to lower
pressure exerted on them. The greatest suction detected, occurs at the upper edge of panel
1 for panel inclination 30which slightly differs from the values recorded for° @nel

inclination.

As far as the peak vadg are concerned, Figures 5.2.4612.9 demonstratthe resultiig
net pressure coefficiemterivedby combiningsimultaneouslythe pressure coefficients

appliedon upperandlower surface.

Minimum G, values observed on thepersurface of the panel are illustratedRigure

5.2.4 which shows that suction occurs for all inclinations. According to this figure,
greatest suction appears fo’ anel inclination athe upper corner of panel 1 near to the
edge, which is greater compared to the peaks pogufor other panel inclinations.
Contour lines also indicate that suction does not change significantly for panels 2 and 3

when they are inclined by 20, 40 anddEgrees.
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Figure 5.2.5depicts the maximum values of the pressure coefficients corresponding to
the lower surface of the panel. Contour lines clearly show that overpressure appears all
over the surface of the panels for @le panel inclinations. The extreme value of the
positive pressure coefficients is recorded fof ganel inclination at the lower edge of

panel 1. As far as panels 2 and 3 are concerned, the pressure field corresponding to them

remains almost constantcdnnaffected by the panel inclination.

The upperand lower surfacepanel pressure fields are combined and the resulting field
appears irFigure 5.2.6vhich demonstrates that suction is applied on the entire surface of
the panels. Since contour linestaelowers ur f ace donot change r
inclination, the contour lines in Figure 5.2.6 follow the same pattern with that of the
uppersurface. Therefore, it can be concluded that the pressure field above panel 1 is
mostly affected by the winfliow while panels 2 and 3 appear almost under the same field

for all the panel inclinations. As has already been shown, greater panel inclination results
in lower suction with only exception being the®3@anel inclination for which the
extreme value appesaaround pressure tap number 1 near the edge of panel 1, where the

extreme values for the other panel inclinations can also be detected.

Figure 5.2.7shows the maximum values of the pressure coefficients occurring at the
uppersurface whileFigure 5.28 showsthe minima at théower surface from where it is

clear that suction appears for both of them. Contour lines become less dense when panel
inclination increases showing that suction becomes lower. Additionally, maximum values
of C, corresponding tohe uppersurface are slightly greater in terms of absolute value
compared to the minimum valueslofver surface indicating that greater suction occurs

at theuppersurface.

a
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Figure 5.2.9 presents the net pressure -coefficients which were calculated by
simultaneouly adding the two traces as measured atuthigerand lower panel surface.
The resulting pressure fields as depicted in Figure 5.2.9 show that only suction occurs

which varies slightly with panel inclination, particularly for-d8gress panel inclation.

Additional contours corresponding to different configurations have been plotted for the

most critical cases and are available in Appendix A.

As mentioned in Chapter 4, in order to investigate the effect of panel inclination,
careful study of masured pressure coefficients for several configurations is necessary

andthisis presented in this section.

The data are given as a function of the panel inclination for the criticdl wissl
direction. It should be noted that only the extreme valuesHhasen considered for the
cases of standlone panels and panels attached to buildings. For the cases of the attached
panels on buildings, both building heights (ifem and16 m) and both panel locations

(i.e.front andback are presented.

For theuppe surface, the data are depictedrigure 5.2.10 (a)n which the maximum
C, values follow the same pattern for all the panel inclinations whilgmum values
vary with different inclination. The pressure coefficients corresponding to the trendls for
m and16 mfront location decrease with increasing inclination while those corresponding
to the back location increase with increasing inclination. For the st@odepanels,
increase of the panel inclination leads to greater suction and consequentlyakhe pe

appears for 45panel inclination which is overall the greatest suction.
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Figure 5.2.10 (byhows what happens at tlesver panekurface for 135wind angle and

all the configurations. The minimum and the maximum values of pressure coefficients
differ slightly for different building heights and panel locations. However, the greatest
suction occurs fopanels on thed6 m high building, back located and inclined by 20
degrees, while the positive greatest value of the pressure coefficietfiteférm high

building, at thebacklocation and 20panel inclination.

The net values of the pressure coefficients referring to the whole solar panel appear in
Figure 5.2.11.The maximum @ values decrease somewhat with increasing panel
inclination (from -0.5 to <-1.0). On the contrary, the minimum valuskow smaller
suctionwith increasing panel inclination for bothmand16 mbuilding height andront
location. The trends fdbacklocation show that increasing inclination results in higher
suction for every buildig height and the staralone case as well. The different behavior

for front and back panels comes from the fact that different panel locations affect
differently the wind flow. Panel inclination also contributes to this phenomenora and

different pressuréeld is created for different panel inclinations
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Figure5.210 Peak pressure coefficients on @@perand (b)lower surface for 13%5wind

direction
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5.3 EFFECT OF BUILDING HEIGHT ON MEASURED PRESSURE
COEFFICIENTS

Different model configurations were tested in order to evaluate the effect of building
height on the windnduced loadon solar paneldrigures 5.3.1 and 5.3showhow the

local peak pressure coefficienteom all pressure tapsorresponding to different panel

inclinations vary with building height for the most critical case of°M8#Hid direction

The peak pressure efficients forfront locaied panelsare depicted in Figure 5.3.for

the upper lower panel surface and the net valuEgyure 5.3.1(ashows that increasing
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building height results in lower suction for every panel inclination. On the contrary, the
suctionis smaller for the case standalonepanels and for 2Qpanel inclinationAs far

as thelower surface of the panel is concerned, the minima and maxima of pressure
coefficients trends fofront location and 135wind direction follow the same pattern as
shownin Figure 5.3.1(b)Overall, slightly greater suctions do occur when the building

height increases.

Figure 5.3.1(c)depicts the net values of peak pressure coefficients as a function of
building height. Maximum values range froth.2 to-0.2 as a function ofthe building
height. As far as the minima are concerned, themlGigh building results in lower
suctions for every panel inclination comparedhoseappeaing for 7 m high building.

For panels at the ground level, suction takes its greatast ¥ar 40 and 45 panel
inclination, while the lowest suction appears fof panel inclination. The trend of 30
panel inclination ranges from.2 to-3.7 and thus no significant building height effect is

observed
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Figure 5.31 (a) upper (b) lower surface peakpressure coefficients and (cetnpeak

pressure coefficients féront location and 135wind direction
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For theback location as depicted irFigure 5.3.2(ajand in which the peak pressure
coefficients appear for thapper surface,the trends remain almost constant for both

building heights andtandalonepanels.

Figure 5.3.2(bdemonstrates the peak pressure coefficients doter surface forback
location and 135wind direction from which can be concluded that increasingdimgjl
height results in higher suction in total. Maximum values are almost constant and remain

within the same range.

Finally, the net values of pressure coefficients for the criticaf ¥86d directionand
backlocation aredepicted inFigure 5.3.2(c)The resultsshow that there ardifferences
compared to Figure 5.3.1(¢hdicating that panel location plays an important role
especially as far as the minimysnessure coefficients are concernéte trends for the
minimum values of 36 40 and 45 degreepanel inclination range frorM.6 to-3.7
while the one of20-degree panel inclination tek valuesfrom -2.9 to -2.1. Further
comparison between the two figures also makes evident théhtdcabsolute values of
minimum pressure coefficients are greafar thebacklocation and their range is within

5 and-4 for 30, 40, 45 degree panel inclination.
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54 EFFECT OF PANEL LOCATION AND WIND DIRECTION ON NET

PEAK PRESSURE COEFFICIENTS

This section presents the effect of wind direction and panel locatiorxmerimental
results expresseds net peak pressure coefficientsgures 5.4.1 to 5.4.demonstrate
how the net peak pressure coefficients vary as a function of wind direction for stand
alone panels and panels attached toand16 mhigh building when paels are inclined

by 20, 30, 40, 45 degres. Moreover Figures 5.4.2(a) and 5.4.2(lustrate the results

for bothfront andbackpanel location. In general, the following comments can be made

for these figures:

1 As far as the minimum values are comaa, higher suction occurs for wind
directions ranging from 120to 165. On the other hand maximum value
extremesappeamithin the rangef 15° to 60 of wind direction.

1 Building heightincrease results in greater suction

1 Backlocation is mainly respwsible for greater suction whileont location is
responsible for slightly greater overpressure.

1 Overall, overpressure is not as significant as suction in terms of absolute values.

More specificallyFigure 5.4.1shows the peak pressure coefficients fier tase of stand
alone panels for the panel inclinatiemsamined The peaks appear for 3@nd 135 wind
directions for the maximum and the minimum valuvespectively It is also evident that

suction is greater than overpressure in absolute value.
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Figure 5.4.1 Net peak pressure coefficients fground level panelwith respect to wind

direction

The casewhere thepanelsare attached to a ™ high building, located at thieont and
back of the roof is show in Figure 5.4.2(a)For wind directions 120 and 135’ the
extreme values do occur for-4and 30 degree panel inclinatiorespectivey, when the
panel isback located. The maximum positive pressure can be observed fowiga

direction when the panetse located at thizont position and are inclined by 25

Figure 5.4.2(bpresents the casehere thepanelsare attached taa 16 m high building
from which can be concluddtat siction isoverallgreater than overpressure in terms of
absolute valuesin addition greater suction appears fiwack located panels while
overpressure is greater fivont located panelsThese phenomena can be attributed to the
flow separation occurringue tothe sharp building edgeshe greatest suction occurs for

135 wind direction whenthe panel location isback and the paneinclination is 30
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degreessinceairflow moves towards the building at an oblique wind angle of attack and
therefore two delta wing vortices are developed across its edgeextremevalues for

overpressure appefor 45° wind direction 40° panel inclination anéront location.

P O P N W b

Cp,peak (net)
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N

(@ H=7m
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Wind direction ( °)
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Wind direction (°)
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Figure5.4.2 Net peak pressure coefficients for panels attached onrfapnd (b)16 m

high building forfront andbacklocation
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55 EFFECT OF WIND DIRECTION ON MEASURED PRESSURE
COEFFICIENTS FOR SELECTED PRESSURE TAPS

The figures presented in this section demonstrate the wind direction effect on selected
pressure taps as far as the mean and peak values are concernedpréhssee
coefficients are measured dhe upper and lower surface of the panels and their
combined effect is presented in terms of net pressure coefficients. The pressure taps

examined correspond to arvhigh buildingwith panels at th&ont location.

Figure 5.5.1demonstrates the mean, minimum and maximum values of pressure
coefficients corresponding to presstap number Isee Figure5.1.1and 5.1.2 for both

front andbackpanel locationsAs can be observed the extreme minima appear for wind
directions in the range of 1050 165. The greatest suction occurs for 120ind
direction, 45 panel inclination antacklocation. The maximum peak valuésee Figure

5.5.1(c))occurs for @wind direction and 40panel inclination fobacklocation.
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The mean, minimum and maximum values of pressure coefficients ftoviieesurface

of panels a a function of wind direction are depicted in Figure 5.822can be observed

in Figure 5.5.2(b) in which minimum values of pressure coefficients are depicted for
pressure tap number 2 (see Figusel.1and 5.1.2, higher suction occurs for &@ind
direction, 45 panel inclination andront location. In comparison with those at tiygper
surface, the suction becomes lower for wind directions within the randed 260. As

far as the maximum values of pressure coefficients are concerned@wénsurface of

solar panels, they become more significant for wind directions within the cAdg&’ to

165. The extreme maximum value occurs for 45Gnd direction and 4% panel

inclination at thdront location.

The net values of the local pressure deeadht is the difference between the pressure
coefficients occurring at thlewer surface (pressure tap number 2) deducted by those
occurring at theupper surface (pressure tap number 1) simultaneousigure 5.5.3
depicts the net mean, minimum and maximwalues of pressure coefficients. The
minimum values can be seen in Figure 5.5.3(b) in which it is evident that greater suctions
occur for wind directions in the rangé 12 to 165. The maximum peak value appears

for 60° wind direction, 48 panel inclhation andront location.

Concluding, net minimum pressure coefficients take much greater values compared to net
maximum pressure coefficients in terms of absolute values. In general, wind direction can
be considered as a crucial parameter for the wind, fivhich is formed around the panel.
Previous figures show clearly that extreme values of pressure coefficients do not occur
for every single wind direction. On the contrary, there is a range of wind directions for

which either greater suction or positipgessure appears.
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5.6 CRITICAL VALUES OF NET PRESSURE COEFFICIENTS

This section presents the most critical values of net minimum pressure coefficients which
are mainly used for design purposéiese walues are thenost criticaldetected for every
single pressure tap considering all configurations fot @anel inclinationyegardlesf

the wind directionlt is evident from the contour plots that greater suction occurs for

panel 1, while thisuctionis smaller for panel 3.

The greatest suction occurs for panel 1 attachddb to high building forbacklocation
and 30 pané inclinationi see Figure 5.6.5At the saméime, the smallessuction is also

observed for the same configuration.

Figure 5.6.1presents the contour lines corresponding to panels at the ground level.

Suction is significant for paneldnd somewhat smaller for panel 3.

The contours for panels attached tmand 16m high buildings are presented in Figures
5.6.2t0 5.6.5 These figues show that for panelscated at theront, lower suction
appears with increase of building height. The opposite happens for persgtd at the

backsince increase of building height results in greater suction when inclined.by 30
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5.7 EFFECT OF PANEL INCLINATION ON FORCE COEFFICIENTS
This section refers tthe effect ofpanel inclination on force coefficients for panels
attached to buildings of different heiglindstandalonepanels. The peak valuetforce

coefficients are presented for each panel as a function of panel inclination.

Figure 5.7.1demonstrates the peak values of force coefficients for the case chstaed
panels and for 135wvind direction.The trends of force coefficients for tHerée panels
follow the same pattern for both minima and maxima. The suction observed becomes
greater with increasing panel inclination, while greater overpressure occurs for smaller
panel inclination. Bnel 1 shows the greatest suction fot g&nel incliration followed by

panel 2 and 3.
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panels

Figure 5.7.2hows the minimum values of force coefficients for panelsumed on
and 16m high buildings.The trends follow the same pattern for thent locatedpanels,
which does not differ significanthfrom those corresponding twacklocated panels for
both building heightsAs can be observedhe greatessuction occurs for panel 1
attached to ™ high building,located at théack,when inclined by 4%legrees, whicls
followed by panel located at thdéront. For panel 1 attached to 1% high building, the
greatest suction occurs whérnis backlocated and inahed by 36. For panels 2 and 3
front located, the suction is greater compared to that correspondirackdocation for

both building heightsn terms of absolute value®anel 2sufferssmaller suction than
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panel 1, while panel 3 experiences the smiabBestion thatbecomes even smaller for

backlocationin terms of absolute values
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Panel inclination (°)
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4 Qyeeneseeccs
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Back **<#++ panell sa&s= panel 2 sswhes panel3

Figure5.7.2 Net minimum force coefficients for 13%vind direction applied on panels

attached to (a) i and (b) 16n high building forfront andbacklocation
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Figure 5.7.3 depicts the maximum values of force coefficients as a function of panel
inclination for building heights of 7 m and 16 m. These values for all three panels range
from O to approximately1l for both front and back location The greatest value of
maximum force coefficients appears for panel 3 when attached &onahigh building,

front located and inclined by 20 degre&dight overpressure is observed for panak 3,

20° panel inclinationfront locaion and16 mhigh building.
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5.8 EFFECT OF BUILDING HEIGHT ON FORCE COEFFICIENTS

The effect of building height on force coefficients is examined in this section farrde
panels considered. The net minimum and maximum force coefficdusas a function

of building height are depicted Figure 5.8.1for panels located at tHfeont position. As

far as the minira are concernedee Figure 5.8(a)- the 20 and 30 panel 1 inclination

trend shows that increasing building height results in lower suction, while the opposite
happens for 40and 45 panel inclination. The trends of 48nd 45 panel 2 inclinations
remain almost constant with building height. However, the trends cdr20 30 panel 2
inclinations show greater suction with increasing building height. PaneixBeriences
significantly smaller suction for both building heights. Staldne panealinclined by 36

show the smallest suctipwhich becomes greater with increasing building height.

Figure 5.8.1(b)depicts the net maximum values of force coefficients as a function of
building height. It is clearly demonstrated that increasing building height results in
increased values of force coefficientghich remain negative. Positive value of force
coefficients appears only for panel 3, inclined by.ZBor the interval7 mto 16 m
building height, the values of force coefficients rarfigen -1 to O for all the cases, while

suction is greater for staradone panels.
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The net peak values of force coefficients are depicte&igure 5.8.2for the back
location. The net minimum values figure 5.8.2(aghow that higher suction appears for
30°, 40, 45 panel 1 inclination. The greatest suction occurs fdr@ihel inclination. For

45° panel inclination, increasing building height results in lower suction while fr 20
30, 40 in higher suction. As far as panels 2 and 3 are concerned, increasing building
height results in smaller suction for2@®, 45 panel inclination, while the opposite

happens for 30panel inclination.

The net maximum values of force coefficients are depictédgare 5.82(b) from which

can be concluded thagxcluding the casesf standalone panels 1, 2, 3 when they are
inclined by30°, values of force coefficients remain constdfite greatest suction appears
for standalone panels 1, 2 when inclined by°30’he net maximum values of force

coefficients range frorrl to O and @main independermif building height.

Comparison betweefRigures 5.8.1(a) and 5.8.2(djaws to the conclusion that panel
location is a parameter affecting significantly the wind flow around the panels and as a

result, the force applied on them also dejseon this flow.

Concluding, the peak net force coefficients, as far as the pressure trends are concerned,
are not affected considerably by the building heigtatnel 1 is experiencing the greatest
suction compared to pan2ithat followsand paneB that issubjectedo the least suction

for both building heights and panel locations.
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direction, applied on 3 panels foaicklocation
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5.9 EFFECT OF WIND DIRECTION ON FORCE COEFFICIENTS

The wind direction effect on force coefficients was examined for the three panels and is
presented in this section. The net peak force coefficients are given for panels inclined by
20, 30, 40 ad 45 degrees, for the case of stahghe panels and those mountedio:?7

m and 16n high building.

Figure 5.9.1(ayhows the minimum and maximum values of force coefficients for panel
1 as a function of wind direction. It is evident that 4&%hd diredion is critical since for
45’ panel inclination, the suction takes its greatest value. The maximum value is observed

for 30° wind direction and 45panel inclination.

Figures 5.9.1(b) and 5.9.1(cefer to peak force coefficients on panels 2 &hd
respedwely. In these two figures, the trends follow the same patterns with only
difference being the fact that panel 3 experiences slightly smaller suction and
overpressure. For both panels the minimum peak values are observed ¥wid@0
direction and 4%5panel inclination. The maximum peak values for panel 3 occurs®or 0
wind direction and 40panel inclination, while for panel 2 appears fof @hd direction

and 45 panel inclination.

Figure 5.9.2resents the net peak force coefficients for panels A when attached td

m high building for bothfront and backlocation. The trends follow similar patterns for

the three pansl Differences can be detected regarding the magnitude of their extreme
values and the wind direction for which these extremesrod&ie minimum peak force
coefficients, which are observed for panels 1 andc2ur for 135 wind direction, 30

panel inclination, for panels locatdxhck and front respectively. Additionally, panel 3
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peak force coefficients appear for £80ind directin, 40 panel inclination andack
location. The maximum peak force coefficient calculated for panel 1 occurs’fair8D
direction, 48 panel irtlination andfront location.Panels 2 and 8howtheir maximum

peak force coefficientor 0° wind direction,45° panel inclination anffont location.

The net peak force coefficients for panels attachedded 6m high buildingare depicted

in Figure 5.9.3 Similar trends for panels attached tmm7and 16m high buildings can be
observed for all three paneRanel 1 experiences the greatest suction, followed by panel
2 for which suction is smaller and finally the smallest suction occurs for panel 3.
Overpressure is almost the same for panah&l2 and becomes smaller for panel 3. More
specifically, for panelsl and 2 greatest suction occurs for A86nd direction, when
panel 1 isback located and inclined by 80andwhile panel 2is front located and
inclined by 26. Panel 3 gets its extreme minimum value for°\&Mhd direction, when
located at the front and inclined by 30. Concerning the maximum values of force
coefficients for panels 1 and 2, the peaks occur fof #6nd direction, 40 panel
inclination andront location. For panel 3 the greatest of the maximum values is observed

for 30° wind direction, 8° panel inclination anéront location.
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5.10 COMPARISON BETWEEN LOCAL PRESSURE COEFFICIENTS AND

FORCE COEFFICIENTS

This section demonstrates the net local pressure coefficients measured on every single
pressure tap of panel 1 in comparison with the famefficients, which are appliedn

the whole surface when the panel is located afrtiv@ position of 7m high building

Figure 5.10.1shows thdocal pressure coefficients for pressure taps 1, 3, 9, 11, and

the force coefficients fopanel lat 20°, 3C°, 4C°, 45° panel inclination The trends
corresponding to the examined pressure taps and panel 1 follow the same pattern with
respect to the wind directiofihe force coefficienvaluesresultfrom the mean value of

the local pressureoefficients, whichare measured separately for every single pressure
tap. The most critical values can be detected for wind directions ranging frofntd 20

18C. Pressure tap number 1 is experiencing the greatesdrswctmpared to the other

taps and even greater than that experienced by the whole panel for all panel inclinations.

Figure 5.10.1(ahows that for a panel inclined by°2€he minimum pressure coefficient
value appears for 135wind direction at pressur@p number 5 while for panel 1 the
minimum force coefficient takes its minimuat 15¢°. Figures 5.10.1(b) and 5.10.1(c)
indicate that pressure and force coefficients become most critical fomir®b direction

at pressure tap number 1 and panel 1 foefsaimclined by 3Dand 40 respectivelyFor
panel inclined by 45the results are shown fRigure 5.10.1(d)n which pressure and
force coefficients become critical for 1°2@ind direction at pressure tap number 1 and

panel 1.
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5.11 AREA-AVERAGED PRESSURE COEFFICIENTS FOR 135 WIND
DIRECTION

The aresaveraged pressure coefficients are depicted in this section as a function of the
area when the wind direction is £36r panels inclined by 203, 4¢°, 45°1 see Figure
5.11.1.The values of peak ar@weraged pressure coefficients are examined foethre
different cases, namely: for panels located at the ground level and for panels attached to
roofs of two different building heights. The trends follagimilar pattern for the three
cases for both minima and maxima. Increase of the considezattadsto reduction of

the areaaveraged pressure coefficient.

Figure5.11.1(a)presents the net peak at@eeraged pressure coefficients for the case of
standalone panels. The minimum arageraged pressure coefficients, take their extreme
values for panel idmation of 45°. These values show small difearces to the cases of
40° and 30 whereas the 20case experiences significantly lower valuiEse maximum
values range froml to 0 and the trend of 2@anel inclination experiences the greatest
suction, wheh slightly differs from that experienced by the panel for the retteybanel
inclinations.Figures 5.11.1(b) and 5.11.1(c) peat the net peak are@eraged pressure
coefficients for panels attachedanand16 mhigh buildings respectively. The egime
values occur for 30panel inclinatiorat thebacklocation. Greater suction is detected for
back located panels for both building heights with only exception being theatel
inclination case. For the casefodnt located panels when attachedl®mhigh building,

the suction experienced becomes smaller compared to that experiengackigcated
panels The gradient of minimum values results in smaller suatiarall, whichcan be

reduced to almost half of the initial value. Maxima for botlidig heights range from



104

-1 to 0 with slight differences among ttrends, whichhave avery small gradient with

respect to the area.
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direction



105

5.12 COMPARISON WITH PREVIOUS STUDIES

In this section, a comparison between the experimental results of the current study and

those ofpreviousstudiesis made. The purpose tfe comparison is to investigate how

the results coming from different studies are related. The outcome data of these studies
are referred to mean and peak values of pressure and force coefficients when the panels
have the same or very close values of inclination and are located centrally at the roof, at

thefront corner or at centrddackposition.

Figures 5.12.1and 5.12.2 preserthe net mean and peak values of force coefficients
respectivelyfor panels locatedtdahefront corner of the building roof. The results of two
previous studies, those Bfwin et al (2011) and Saha et(aD11) have been carried out

for panels inclined by 5while those of the current study refer to panels inclined By 20
The trends bmean and maximum values appear to have the same pattern for both the
current and Erwin study for wind directiomanging fromQ° to 45°, which changes
radically for wind directionsbetween45’ and 18(°. As far as Saha et al study is
concerned, the trendf maximum values remains almost constant when the wind
direction changes. Regarding the minimum force coefficients for wind dire@iaging

from 0° to 120, Saha et aleported aigher suction compared to the currenitdy, which
becomes smaller for &ri n6s et al wi th i ncr edrsction,g wi no
ranging from12@ to 165 the current study demonstrates higher force coefficients
applied on the panellhe discrepancies observed, can be attributed to different testing

conditionsunder whech the experiments from different studies were performed.
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Experimental results coming from different studies such as Erwin et al (2011)etSalha
(2011) andhe current studjor panels located cemtlity at the building roof and inclined
by 30 are depicted irFigure 5.12.3The mean values of the net pressure coefficients
remain almost constant for the Saha et al (200h).thecontrary, inthe current study
experimental results show that for panelsated atbackposition of 7m high building

roof, greater suction appears for wind direcsicanging from 120to 180.
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Figure5.123 Net mean and peak pressure coefficients for panels centrally |caaded

30° panel inclination
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Figure 5.12.4emonstrates the net mean force coefficibatpanels attached to building
roofs and inclined by 30and 45. These values follow similar patterns for both studies
for wind direction ranging from“@o 135, and n generalthere is a good agreement of
their experimental resultslowever, the current study shows that when the wind direction

ranges from 1350 180, the trends of mean foe coefficients remain almost constant.

CF (mean)

-2
0 60 120 180 240 300 360
Wind direction ( °)
A current study (2012)6m-30 ¢ current study (2012)6m-45
== Saha et al (201130 =—6—Saha et al (201135

Figure5.124 Net mean force coefficients for panels inclined by &dd 45, located at

backcorner

Finally, Figures 5.12.5 and 5.12p8esent the maximum and minimum valueseifforce
coefficients respectively for panels located centratar theback edge of the building
roof. For the current study, the results correspondingattel 2 andback location are

demonstrated as wel |l as t hose Incgeneralntte f r om
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trends for both minimum and maximum values la# force coefficient follow the same
pattern. The small discrepancies obserbetiveen the two studiesan be attributed to
different testing conditionsSaha et al (2011) conducted a witebt with suburban

exposure, while an open terrain exposure wad faethe current study.

As can be observed bifigure 5.12.5 the maximum values of force coefficients
corresponding to Sahaods et °ad greatdr indotal. wi t h
Moreover,Figure 5.126p0i nt s out t hat S a htal desultseshow a | (2

slightly greater force coefficients in terms of absolute values compared to the values of

the current study.
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Figure5.125 Maximum force coefficients for panels inclined by’ Had 26, located at

centralbackposition
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CHAPTER 6: SUMMARY AND CONCLUSIONS

6.1 SUMMARY

The scope of this study was better understantthe wind pressure distribution on stand
alone panel surfaces and panels attached to flat building roofs. For this purpose,
sophisticated physical models of solar panels of different configurations were constructed
and appropriate instnoentation was used during the experimental process in the

boundary layer wind tunnel in order to evaluate relevantviddced loads.

A complex model was constructed using a 1:200 geometric scale. Three model panels
were equipped with 36 pressure tapgatal (both surfaces) for point and a@aeraged
pressure/force measurements. Pressure and force coefficients were computed for every
pressure tap and for all the panels. Different configurations were tested under similar

conditions in order to examinkd effect of each parameter on the experimental results.

6.2 CONCLUSIONS

The conclusions of this study can be summarized as follows:

! The wind directiorof 135’ can be considered critical since most critical pressure
coefficients occur for this wind directioMore specifically, the greatest suction is
experienced by the corner panel located at the roof corner facing the wind flow
(panel 1) for 13%5wind direction. The most critical values of local net pressure
coefficients occur atchipfouadastheruppertcaner deno

of panel 1.
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The net values of pressure coefficients corresponding to different configurations
are affected bythe panel inclination for the critical 185wind direction. For
panels located at the ground level, increasinmgepanclination results in greater
suction, as well as for panels attached tm and16 mhigh buildings, located at
the backposition of the roof. On the contrary, fivont locatedpanels attached to
7 m and 16 m high buildings, suction becomes smallgith increasing panel
inclination.

The increase of building height fpanels which are located at tfrent position
of the building roofresults in slightly smaller suction, while for pankisated at
theback thesuction remains almost constdoit 135° wind direction

As far as the panel location is concerngdarlybacklocated panels suffer higher
suction tharfront located panels, at least for the critical 4@%nd direction.

From all configurations examined, panel 1 shows the greatest nettmffizient
valuesbecause its located at theoof corner and exposed obliquelytte 135
angle of attackThe suction becomes even gredterthis panel when located at
thebackposition of the roof.

Considering the building height, it is clear thagher suction occurs for panel 1
(corner panel)at thefront location andthe 135’ wind direction. Middlepanel
(panel 2) follows with slightly smaller suction and finally the corner panel (panel
3) seeghe smallest suction.

Comparison of the two pahéocations (i.e. front and back demonstrates that
force coefficients are greater for thacklocatedcorner paneat theroof building

whenexposedbliqudy to the wind However, for the same exposure, the values
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of force coefficients for theniddle-panel (panel 2) and the other corner panel
(panel 3 is at the opposite side of the one facing the wind flow) are greater when
they are located in the front of the building

1 The net values of force coefficients with respect to the wind direction show
clearly that the extreme values appear within the range of 468180 wind
directions. For all the configurations examined, the force coefficients are larger
for the corner panel (panel 1).

1 Comparison of the experimental results of the current studytoteof previous
studies show that thealues ofnet mean force coefficientire in good agreement,

while discrepancies are observed for the net peak force coeffiaileres

6.3 RECOMMENDATIONS FOR FURTHER STUDY
The effect of a number of different parametersevexamined in the current study,
however, more experimental work in the wind tunnel could offer the opportunity to

investigate the effect of additional important parameters.

One parameter related tobetter performancef solar panelss the panel in@hation

which in some cases exceeds the® 45 is smaller than 20 Therefore, further
investigation for more panel inclinations would be necessary. Furthermore, solar panels
are often located on flat roofs in different rows of arrays and very littleigpoovis
available for this case. It should also be mentioned that, experiments should be carried
out for different types of terrain so as to better examine the effect of landscape in the

panel wind loading.
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Moreover, it would be really interesting toawrine casesf inclined panels attached to
pitched roofswith differentslopes than theoof because studies so far focus mainly on
panels located parallel to roofSther parameters that should be further inspected because
of their contribution in bettgpanel functionality are the gaps between the panels and the
roof, as well as, the distance among the panels. Careful examination of these parameters
would provide information useful in determining the design wind loads in which

structures are subjected angproving the building cde.
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APPENDIX A

Appendix A includes the contour plots regardthg uppet lower surfaceand net values

of pressure coefficients for all configurations examiaad wind direction 135
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LOWERSURFACEH =16 m

Figure A5 Maximum G, valuesfor the lower panels surface, attached to 16 m high

building andfront locaied










































